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INTRODUCTION 


The senior author first undertook stud- 
ies on cultivated cacao in the Dominican 
Republic and elsewhere in the Caribbean 
region 30 years ago. More recently, both 
of the writers were able to spend more 
than a year in Venezuela and Colombia, 
studying cacao in cultivation—with spe- 
cial reference to the best commercial 
grades—and investigating the remains of 
the old colonial cultures and the so-called 
“wild” cacao. Much detailed work re- 
mains to be done, but the results achieved 
so far are outlined in this report. 


VENEZUELA, CENTER OF EVOLUTION OF 
THE Best COMMERCIAL GRADES 


First, it is necessary to consider why 
Venezuela (fig. 1) is the “key” to most 
problems connected with the evolution of 
the superior cacaos, the high quality Criol- 
los and Forasteros. 

The western part of Venezuela and a 
portion of Colombia constitute one of the 
two recognized pre-Columbian centers of 
cacao culture, the other being Central 
America and Mexico. In the former, 
where the history of cacao cultivation has 
been reviewed by Pittier (1924-1935) 
and Ciferri and Ciferri (1949-50), cacao 
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cultivation has greatly increased and im- 
proved since the original half-culture; it 
progressed during the Spanish coloniza- 
tion, and today it includes the best cacao 
produced in Spanish America. The rea- 
sons for this continuous development seem 
to be that at least one of the two Criollos 
is probably indigenous to Venezuela, as is 
the peculiar Porcelain cacao and that the 
introduction or diffusion of an inferior 
Forestero some 50 years ago initiated 
hybridization which still continues. The 
cacao culture of Venezuela is a mosaic of 
more or less isolated populations extend- 
ing from the southwestern and western 
extremities through the central regions to 
the extreme eastern and southeastern 
zones. It includes a wide selection of 
commercial cacaos, varying from those of 
inferior quality to some of the best in the 
world. The importance of Venezuela is 


that the evolution of its cacao population | 


is still proceeding and that collections and 
observations made there are of the great- 
est value in throwing light on our prob- 
lems. 

An outstanding difficulty in the devel- 
opmental study of cacao is the lack of re- 
liable knowledge concerning the species of 
the genus Theobroma, especially regard- 
ing their distribution in a portion of Cen- 
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tral America and Mexico and in the enor- 
mous river basins of South America from 
the Orinoco Valley southwards to the 
lower Amazon basin, and from the Andes 
and the Pacific coast to the Atlantic. 
After the recent discoveries by Cuatreca- 
sas (1944, 1952) of well characterized, 
previously undescribed species in a re- 
stricted area of western Colombia, it is 
apparent that our knowledge of the spe- 
cies of Theobroma is still very incomplete. 
Descriptions and specific keys (Ducke, 
1925; 1940; Pittier, 1930; Chevalier, 
1946) are very provisional so far. 

Further, little is known about the cy- 
tology of the species. The first record of 
interspecific hybridization was that of Ad- 
dison O’Neil and Miranda (1951). Also, 
data on the composition and characteris- 
tics of “wild” cacao populations are very 
scanty and fragmentary, e.g., the prelimi- 
nary survey of Pound (1939) for Peru- 
vian Amazonas ; Stahel (1920) and Myers 
(1930) for Guyanas; a short report on 
eastern and _ southeastern Colombia 
(W.L.C.C., 1953); and a few older re- 
ports (summarized in Van Hall, 1932) ; 
in addition to our own surveys of Vene- 
zuela and Colombia. 


TAXONOMY AND NOMENCLATURE OF 
CULTIVATED SPECIES OF THEOBROMA 


Until the work of Pittier (1924) and 
Pittier and Chevalier (1925), the bulk of 
commercial cacao had been assigned, since 
the time of Linnaeus, to one species, The- 
obroma cacao L. sensu lato. Pittier re- 
validated an obsolete binomial of Bernou- 
illi and distinguished T. cacao L. sensu 
stricto, corresponding to the Criollos ca- 
caos, from T. leiocarpa Bern., based on 
an Amelonado cacao (a Forastero of in- 
ferior quality). 

Pittier (cfr. 1932, 1935) emended the 
second species to include the lowest qual- 
ity cacao (the Amazonian Calabacillo; 
Amazonian Forastero according to the 
nomenclature of Cheesman), thus distin- 
guishing the Criollos (T. cacao) from the 
Calabacillo (T. letocarpa). 


This subdivision has been accepted by 
many students, including Cheesman (1932, 
1938) who, however, later (Cheesman, 
1944) criticized this classification, appar- 
ently on the basis of Pittier’s 1925 paper 
(see the subsequent comment on Chees- 
man’s views by Chevalier, 1944). 

The present senior author has recog- 
nized one species and two subspecies in 
cultivated cacao (Ciferri, 1939-53) : 

T. cacao L. subsp. typica Cif. (1941, as 
variety )= T. cacao L. p.p. (sensu stricto ) 
for the Criollos cacao, including the jor- 
danon 7. sativa (Lam.) Lignier et Le 
Bey var. leucosperma Chev. and T. penta- 
gona Bern. which was accepted by Cheva- 
lier. 

T. cacao L. subsp. letocarpum ( Bern.) 
Cif. (1933, as variety) = T. cacao L. p.p. 
for the Calabacillo cacao, including the 
jordanon T. sativa (Lam.) Lignier et Le 
Bey var. melanosperma and T. sphaero- 
carpa Chev. 

The traditional, intraspecific division of 
cultivated cacao as summarized by Van 
Hall (1932), consolidated the two funda- 
mental groups, Criollo and Forastero, the 
latter being subdivided into four sub- 
groups: Angoleta, Cundeamor, Amelo- 
nado, Calabacillo. 

Ciferri (1939) excluded Calabacillo 
(which has been referred to a subspecies 
as well as Criollos for the same reason), 
recognizing only the Forasteros, all de- 
rived from the cross T. cacao subsp. typ- 
ica X subsp. letocarpa. 

The morphological characteristics are: 


A. Maximum diameter of the pod greater than 
one-half of the length (typically elliptic or 
ovate to subspherical) ........ Amelonado 

AA. Maximum diameter of the pod less than 
one-half of the length (typically long ovate 

B. Base of the pod more or less clearly nar- 
rowed; tip more or less acute (typically 
bottle-shaped) ............... Cundeamor 

BB. Base of the pod not narrowed, tip rounded 
to subacute (typically ogival) ...Angoleta 


The morphology of many pods is inter- 
mediate between these categories and does 
not conform to any one group. 
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We agree completely with the criticism 
that these categories are not true taxa, but 
only morphological groups useful in de- 
scribing cacao populations. For full de- 
tails, see the monograph on cultivated 
cacao of the Dominican Republic by Cif- 
erri (1933) and our surveys of Vene- 
zuelan and Colombian cacao. 


MorPHOLOGICAL CHARACTERISTICS 
OF THE Pop 


Pods have been classified on the fol- 
lowing features in descending sequence of 
importance : 


a) Shape (see above; also with intermediary 
categories ). 

b) Color of the shell just before ripeness: vio- 
let; mixed violet; red; mixed red; pink; 
mixed pink (pink on green stripes and green 
or pink shade): green and pale green with 
some intermediary shades. 

c) Surface of the shell: tuberculate; rough; 
intermediate; smooth (rarely also reticu- 
late). 

d) Thickness of the shell: less than 15 mm; 
16-20 mm; more than 20 mm. 

e) Length: less than 15; 16-20; 21-25; more 
than 30 cm. 

f) Longitudinal symmetry: symmetric or asym- 
metric 

g) Tip: absent; rounded; acute; acuminate 

h) Number of beans: less than 20; 21-25; 26— 
30; 31-35; 36-40; more than 40. 


In a few instances other characteristics 
are employed e.g., the weight of fresh but 
ripe beans and in certain cases the height 
of the tree (very high; high; medium; 
low) ; productivity (very high; high; me- 
dium ; low) ; type of branching, shape and 
length of old leaves. 


GRADING OF THE BEANS 


The variability in shape and size of 
fresh cacao beans is so great that it has 
not been possible to establish categories 
on the basis of these qualities. It is pos- 
sible to recognize the large and long and 
as a rule more or less inflated (also a little 
irregular, frequently a little gibbose) 
beans of the Criollos cacaos, as opposed 
to those of the Calabacillo cacaos which 
are short and narrow, typically flattened 
or more or less inflated. The hybrid 
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Forasteros contains all the intermediary 
categories. 

Much more important is the grading of 
fresh beans in fully mature pods. The 
technique is fully explained in our paper 
(1954). For this evaluation a fully ma- 
ture pod is opened, and the beans sepa- 
rated from the central rhachis; then each 
bean is cut with a stainless penknife and 
the color noted. The color of immature 
beans is always lighter, darken-ingurth 
increasing immaturity of the pod. Not 
all the beans of a pod are necessarily of 
the same grade. The average weighted 
mean is referred to as pod grading value 
(P.G.V.); m =the number of beans of 
each grade for the same pod; g = the re- 
spective grade: 


(m, X gi) + (m2 X go) + 
+ (mz X gz) 


P.G.V. = 
n 
The standard has been selected after 
many years of research involving thous- 
ands of pods of phenotypically pure and 
hybrid cacaos. The classification com- 
prises 7 groups, according to the follow- 
ing colors (nomenclature follows Ridg- 
way, 1912): 


No. 7.—Cotyledons almost white 
(cream-white and ivory white), rarely 
with very pale pinkish or mauve (lilac) 
shades, also in stripes or spots from white 
(ivory) or almost cream to pale olive-buff 
(XL: 21” O-YY), rarely with indistinct 
shades of very light pink. True Criollo. 

No. 6.—Cotyledons lilac to pinkish, as 
a rule, in the peripheral third; two-thirds 
of the central core whitish, but with 
stripes or shades of mauve or pink, pe- 
riphery from pale rose purple to rose 
purple (XXVI: 67’ V—R line f and line 
d), eventually with some shades of dull 
color to light lilac (same plate, line d) ; 
center as in No. 7. Commercial Criollo 
or “almost” Criollo. 

No. 5.—Cotyledons lilac or mauve to 
very light violet on the two-thirds pe- 
ripheral portion, and lighter to whitish in 
the central core, but with shades of pink 
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Piate 1. Reproduction of the colored plate of M. S. Meriam (Amsterdam, 1705), the first 
iconography of Criollos Cacao in America (Dutch Guiana). The insertion of pods and flowers 
is fantastic, and the insects unrelated with cacao tree. 
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to mauve; periphery from pale lavender- 
violet to mauvette (XXV, line f, 61’ VR- 
V ; 63’ R-V; 65’ RR-V ) ; center as above, 
but also of the same, lighter shades. Su- 
perior Forastero. 

No. 4.—Cotyledons dull-lilac or dull- 
mauve, at least in the peripheral two- 
thirds, and lighter (light-mauve to pink 
and also whitish) in the central core, as 
a rule not uniform in color; periphery 
Ontario violet to light hyssop violet 
(XXXVI, line b) or lavender-violet to 
Chinese-violet (XXV, line b); center 
lighter (Verbena violet to deep lavender, 
XXXVI, line d), or light lavender-violet 
to lilac (XXV, line d), but also periphery 
and center of the same shade. Average 
Forastero. 

No. 3.—All the cotyledons purplish- 
violet, as a rule uniform but sometimes 
with a lighter, central core. From haema- 
toxylin violet to petunia violet (XXV, 
line i), or from dull dark purple to dahlia 
carmine (XXVI, line k); center of the 
same shade or slightly lighter. Low 
Grade Forastero. 

No. 2.—Cotyledons violet to dull-violet, 
rarely uniform; from anthracene violet to 
nigrosin violet (XXV, line k), rarely 
with some shades from dull dusty purple 
to dusky auricula purple (X XVI, line m, 
67’ V-R and 69’, RV-R), as a rule uni- 
form. “Almost Calabacillo (also very 
low grade Forastero?). 

No. 1.—Cotyledons_ violet-black or 
black-purplish, as a rule uniform in shade ; 
from dark anthracene violet to dark mad- 
der violet and dark nigrosin violet (XXV, 
line m) but always in the darkest shades, 
to dull dusky purple and dusky auricula 
purple (XXVI, line m, 67’ V—R and 6% 
VR-V). True Calabacillo. 


The No. 7 corresponds to subsp. typica, 
and No. 1 to subsp. leiocarpa of T. cacao; 
No. 6 to No. 2 are Forasteros, but No. 6 
is very like the Criollos, while No. 2 is 
very like Calabacillo; No. 5, 4 and 3 are 
the average, commonest cacaos, recog- 
nized as commercial Forasteros of de- 
creasing quality from No. 5 to No. 3. 


REGIONS OF CACAO CULTURE IN 
VENEZUELA 


The approximate distribution of the 
cacao regions of Venezuela is included in 
the geographical map (fig. 1) of the 
Northern Venezuela. From East (Atlan- 
tic coast) to West (adjacent to Colom- 
bia) they are: 


1: Delta of the Orinoco river (officially 
Delta Amacuro) and the intermedi- 
ate region of 

: Canos de San Juan; 

: Peninsula of Paria (officially Estado 
de Sucre) ; 

4: Barlovento (officially Estado de Mi- 
randa), and, southward, 13: re- 
mains of the old cacao culture of 
Orituco (Estado de Guarico) ; 

5: Central Region formed—from East 
to West—by the Distrito Federal, 
Estado de Aragua and Estado de 
Carabobo ; 

6: Estado de Yaracuy; 

7: shores of the Maracaibo Gulf (offi- 
cially Estado Zulia) ; 

8-10: the three Andine regions, namely : 
8: Estado de Trujillo; 9: Estado de 
Merida; 

10: Estado de Tachira; 11: scattered 
cultures of Arauca; 12: Meta, both 
of the Estado Apure. 


T: Trinidad (British West Indies). 


w 


The distribution of cacao populations is 
sketched in the fig. 2. 


Cacao POPULATIONS OF VENEZUELA 


A few preliminary notes on the charac- 
teristics of the cacao populations of Ven- 
ezuela, including the half (or “wild”) cul- 
ture or remains of old cultures, and the 
Cauca Valley in Colombia were. published 
by the senior writer (1948, 1949) and by 
both authors (1949, 1950). 

The notation of the fundamental types 
of cacao are: Cr = Criollos, Ca = Cala- 
bacillo ; the hybrid Forastero are Cr x Ca, 
the increase of Criollos “blood” is indi- 
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WITH 
PORCELAIN ANO HYBRIOS 


TRINITARIAN FORASTERO 
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TRINITARIAN (PREVALENT) 
9 FORASTERO ANO PORCELAIN ' ' 


§ (ANO LITTLE ORINOCAN FORASTERO) —_..----- | REMAINS OF OLD CULTURE 


cated by the repetition of Cr. The seria- 
tion of the Forasteros is: 


1.—(Cr X Ca); 2.—Cr(Cr X Ca); 
3.—Cr(Cr X Ca) Cr. 


VeCr = Venezuelan Criollo. GrCr= 
Green Criollo. Porcelain is marked Po. 

Criollos—Two Criollos are found in 
Venezuela: a) the locally named “Criollo 
de concha morada,” “Criollo morado,” 
“Morado colorado” or “Criollo de Ven- 
ezuela,” namely, “Violet Criollo” or 
“Venezuelan Criollo”; b) “Criollo verde” 
or “blanco,” namely, “Green” or “De- 
colorized Criollo,” from the color of the 
shell before maturity. The pod of both 
Criollos is of the same shape and size, 
with almost the same superficial texture, 
number and depth of furrows, and thick- 
ness; the beans are identical or almost so 
in shape, size, number and quality ; habit, 
size and productiveness of the tree is also 
the same. The outstanding difference is 


in the color of the shell; that of Vene- 


Fic. 2. Distribution of the fundamental cacao populations in Venezuela. 
numbers corresponding to the regions of culture see the text.) 


(For the 


zuelan or Violet Criollo is dull violet (but 
also with shades of carmine red color) be- 
fore maturity, more or less covered by a 
thin layer of wax, and of the same color 
or slightly reddish when ripe. 

The pod is a typical Cundeamor in 
shape, i.e., long, cylindrical, but with a 
narrowed, acuminate, as a rule more or 
less recurved distal end, with 5 deep fur- 
rows al-flattened basal end is also fre- 
quently slightly narrowed. The furrows 
are continuous from one to the other end 
of the pod. 

The superficial texture of both Criollos 
is distinctly verrucose-tuberculate ; in the 
Green Criollo the tubercles are smaller 
and more developed, but denser and al- 
most conical, reaching to the deep furrow. 
In the Violet Criollo the tubercles are 
larger, shorter, sparser and more flat- 
tened; the deepest portion of the furrow 
is devoid of tubercles (or almost so). 
The basal end of Violet Criollo is slightly 
larger and flattened, and the apical end is 


| 
SSS: 
| 
| 
oh 
| 
SS 


EVOLUTION OF CACAO 


less acuminate and recurved and thinner 
than in the Green Criollo. 

The furrows are identical or better de- 
veloped in the Green Criollo. The thick- 
ness of the mature shell varies from less 
than 16 mm to more than 30 mm; about 
one half of the Violet Criollo fruits have 
a shell of 21-30 mm, and little less than 
half of those of Green Criollo are 16-20 
mm. 

The shape and size of Criollos beans 
are the same for both cultivars; they are 
large, flattened, ovoidal to elliptical, fre- 
quently with one end more rounded than 
the other. 

The number of beans in each pod may 
be as high as 40, but 95 per cent of them 
contain from less than 20 to about 30 
beans. 

The weight of fresh, mature and unfer- 
mented beans per pod is very variable ; in 
70-80% of the pods examined, the total 
weight per pod ranged from 111 to 150 
grams. Fresh bean must be graded No. 
7, but the phenotypically pure Criollo is 
exceedingly rare, as also are the pods 
yielding mixed beans. 

Genotypic Criollo also is exceedingly 
rare, being localized in a few small cul- 
tures or remains of old cultures in the 
Venezuelan Andes. The tree is large, 
longliving with large leaves, very suscep- 
tible to brown pod rot (Phytophthora 
fabert) and moderately susceptible to the 
watery-pod disease (Monilia roreri) and 
to witches broom (Marasmius pernicio- 
Sus). 

The beans suffer from a peculiar dis- 
ease described as hearth rot (Ciferri, 
1951). The etiology of this condition is 
obscure. It is not crytogamic. It may be 
nutritional or, more probably, the death 
of some beans in each pod may be caused 
by some heredity factor. 

As do the best Forasteros, the Criollos 
suffer from deficiency diseases, more fre- 
quently than the inferior Forasteros. 

Hybrids between Criollos—Hybrids 
between both Criollos (VeCr x GrCr) 
are not easy to identify, being similar to 
the parents, sometimes to one more than 
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the other. The best characteristic is the 
violet spotting light green of the imma- 
ture shell pod; at maturity it is yellow, 
variously spotted with violet, purple or 
dull red. As a rule, the shell is greenish 
with more or less diffused shades of pink 
to carmine red, to entirely pinkish or 
very light carmine, with diffused greenish 
spots. The beans are the same as in both 
Criollos. Apparently VeCr with antho- 
cianic pod shell is dominant over GrCr. 

Porcelain—The Porcelain cacao (Po), 
“Porcelano” or “Porcelana” in Spanish, 
is an unusual, localized and rare type. It 
is moderately frequent in region 7 and in 
the near by Colombia, but is also found in 
the diametrically opposed region 2 where 
it is very scarce. 

This is an endemic cacao of Venezuela, 
apparently localized around the Gulf or 
Lake of Maracaibo. It is characterized 
by small pods, very similar in shape to 
Calabacillo, but also variable to a small 
Angoleta, shortly ovate, with rounded 
base and tip, surface very smooth and 
brilliant, without furrows or with 5 very 
superficial furrows; shell thin (less than 
5 mm thick), but hard and easy to break, 
dull to pale-green and also whitish-green 
before maturity ; yellow when ripe. 

The seeds are abundant, as in Calaba- 
cillo, and flat to half-rounded or asym- 
metric, very small, sweet, cinnamon to 
light-brown when fermented, but lacking 
the agreeable smell when roasted peculiar 
to the Criollos cacaos. 

The cotyledons are white to slightly 
yellowish (cream), never pink or pink- 
shaded as in the typical Criollos. These 
characteristics are those of phenotypically 
pure cacao because in most cases the Cala- 
bacillo is hybridized with other cacaos. 
The tree gives an average yield higher 
than that of Criollos but less than low- 
grade Amazonian Forastero, ‘in spite of 
the small beans. 

The pod is very susceptible to watery 
pod disease in region 7; apparently this 
disease spread in the Venezuelan Andes 
up to Yaracuy from this region. It is 
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also susceptible to witches broom as in 
region 2. 

The origin of the Porcelain is unknown. 
We suspect that it is a leuco-mutation of 
some Calabacillo or some Amazonian 
Forastero of low quality, approaching 
Calabacillo. All the characteristics of the 
pod and the bean are very near Calaba- 
cillo but the beans are entirely white and 
sweet, being devoid of anthocianins, and 
lack the fine aroma characteristic of 
fermented and roasted Criollos. Our hy- 
pothesis is based not only on the morpho- 
logical similarity of Porcelain and Cala- 
bacillo pods but also on the high sensitiv- 
ity to the cryptogamic diseases, which are 
considered of Amazonian origin. On the 
other hand, a white-seeded mutation of 
Brazilian cacao has been described by 
Miranda and Silva (1939). 

In spite of the decrease in commercial 
importance of this cacao during the last 
50 years, the mixed cacao from Mara- 
caibo, containing a high percentage of 
Porcelain, Criollos and Venezuelan Fora- 
stero, is highly esteemed in world mar- 
kets. 

Hybrids between Criollos and Porce- 
lain (Criollain) —Both hybrids (VeCr x 
Po and GrCr X Po) are found in region 
7, but rarely. The grade is also 7, but 
with mixed white and white with slight 
pink shades, and aromatic. The beans 
are of any intermediate size and shape 
between those of the parents, from slightly 
less of Criollos to a little larger of Porce- 
lain, but also large and plump to small and 
flat. The pod is larger than in Porcelain 
but smaller than in Criollos, with shades 
of carmine-red to purplish for (VeCr x 
Po) or green for (Gr€rx Po). Of 
course, the hybrid VeCr X Po is more 
easily recognized than is GrCr xX Po. 

An elegant problem is posed by the no- 
menclature of these hybrids in regard to 
the typical Forasteros. Due to lack of 
knowledge on the origin of Porcelain, 
they cannot be considered as true Fora- 
steros, and we propose the term “Criol- 
lain” (in Spanish “Criollano”) coined 
from the words Crioll[o] and [ Porcel]ain. 
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It is possible that in regions 7, 8 and 9 
the more complex hybrids, Po(VeCr x 
GrCr), and in region 7 only also Po X Cr 
(Cr X Ca)Cr are present but unrecog- 
nizable without thorough analysis. 

Forastero hybrids: Amazonian Fora- 
stero—Although true Calabacillo (Ca), 
with the beans graded 1, has never been 
found in Venezuela, we have observed a 
number of pods of grades 1 and 2, chiefly 
in region 4 (fig. 3). 

The pods of this “almost” Calabacillo 
are green or pale green, yellow or yellow- 
ish when ripe; small, of a short and 
rounded Amelonado shape, with a thin 
but hard, woody shell. As a rule, diffuse 
or localized light shades of red on the 
shell, even on the very superficial ridges, 
but this is not a sign of superior “blood,” 
as Cheesman (1944) considered for simi- 
lar pods found by Pound (1939) in the 
Amazonian Valley approaching Colombia 
that is, on the border of the original area 
of Amazonian cacao. The same, or an 
allied, cacao has been described by Ducke 
(1925) in northern Brasil. The most re- 
cent finding is that of the Trinitarian ex- 
pedition to western Colombia (W.I.C.C., 
1953). There is not yet any adequate 
description of the authentic Calabacillo 
because it has not been analyzed in detail. 
The beans are small, very flat and very 
bitter, fermentating slowly. 

Notwithstanding, it is convenient for 
our purpose to treat both Calabacillo and 
the complex called Amazonian Forastero 
by Cheesman under the symbol Ca. 

Forastero hybrids: Orinocan Forastero. 
—In our definition, Orinocan Forastero, 
is Cr X Ca, intermediate between Ama- 
zonian (Ca) and Trinitarian [Cr(Cr x 
Ca)] Forasteros. It is frequently found 
at the mouth of the Orinoco (region 1), 
in mixed culture with Amazonian (or 
near Amazonian) and Trinitarian Fora- 
steros. Less frequently it occurs also in 
scattered cultures in regions 11 and 12, 
first appearing in the Median Orinoco and 
on the opposite Colombian side. It is not 
uncommon in region 4, but rare in 3. 

It is a tree of medium productivity, 
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Fic. 3. Diffusion of the Forasteros (and other cacaos) in Venezuela. 


with relatively small pods, as a rule of 
Amelonado shape, slightly enlarged, but 
intermediate between Amelonado and 
Angoleta ; the shell is variable but smooth 
or almost so, as a rule with 5 to 10 not 
well defined furrows; immature pods are 
green with carmine to violaceous patches, 
but also more or less uniformly red, ripe 
yellow with red to purplish shades, with 
hard but not, or not very, woody shell; 
beans small, bitter; as a rule grade 3, 
sometimes also grade 2 (fig. 3). 
Forastero hybrids: Trimitartan Fora- 
stero.—This is the classical Trinitarian 
cacao [Cr(Cr xX Ca)], the well known 
Forastero which has often been described 
from Trinidad and elsewhere (see Pound, 
1932, 1933). It is also the commonest 
good, but not a superior Forastero, ex- 
tending from Trinidad to the Dominican 
and Haiti Republics, up to Mexico and 
Central America, on the American it has 
a mainland spread from the Guyanas to 
Brasil and from Colombia at least to 
Ecuador. In Venezuela it is frequent in 


region 1, 2, 3 and 4 but rare elsewhere. 
The characteristics are well known. 
The beans are typically grade 4. The 


origin and early spread of this cacao has 
He 


been discussed by Ciferri (1949). 


found that the first colored illustration of 
Green Criollo was published by the Dutch 
engraver M. S. Merian (1805) repro- 
duced (in black) in plate I. Thus by 
the beginning of the XVIII century, a 
Criollo had spread from Dutch Guyana to 
Trinidad and elsewhere. After the “blast” 
(the nature of which is in dispute) which 
in the year 1727 virtually destroyed the 
Criollo plantations in Trinidad, a hardier 
type of cacao was introduced into that 
island. 

Cheesman (1944) was the last to sup- 
pose an introduction from eastern Ven- 
ezuela ; but it is now well established that 
in Venezuela, up to the year 1825, only 
the two Criollos were widely cultivated, 
with the possible exception of the Paria 
Peninsula (region 3). In this Estado 
Sucre we found a very mixed cacao popu- 
lation, more than in any other Venezuelan 
region of cacao culture. To sum up, this 
population is distinct from both the Trini- 
tarian and the Venezuelan Forasteros, in 
spite of possible, later reintrdduction of 
both Forasteros in the same region. 

That the hardier cacao introduced into 
Trinidad would be obtained from the most 
meridional cacao zones from the mouth 
of the Orinoco to the Guyanas, seems less 
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probable than an introduction from Paria, 
a few miles from Trinidad. In addition, 
culture of cacao was fully developed in 
Paria, while it was poor and scattered in 
the very southern regions. 

In this Venezuelan region 3 the most 
widespread cacao is derived from an early 
introduction of Orinocan Forastero (Cr 
x Ca), crossed with pre-existing strains 
of the Criollos. In other words, the 
Trinitarian cacao, originated in the Paria 
Peninsula (and now Trinitarian Cacao of 
Paria) is indistinguishable from the 
Trinitario of Trinidad. In past decades, 
more than now, the bulk of cacao pro- 
duced in Paria was sold in Trinidad and 
marketed as Trinitarian cacao (fig. 3). 

Forastero hybrids: V enezuelano.—This 
cacao [Cr(Cr X Ca)Cr] is the best South 
American Forastero, nearer to the Criol- 
los than any other. It has been fully de- 
scribed by the present writers (1949, 
1950, 1952). 

This Forastero is cultivated in regions 
5, 6 and 8, but commercial quantities are 
produced only in region 5, marketed 
mestly as “Caracas” or “Puerto Cabello” 
cacao. It is rare elsewhere but is found 


also in region 7 up to the Andine zones. 
It has also been found in Colombia 
(Cauca Valley). 

The typical grade of this Forastero is 
5, reaching (and mixed) to 6. It is char- 
acterized by large pods, but smaller than 
those of the phenotypic Crillos. They are 
as a rule long, asymmetric or symmetric, 
of an atypic Cundeamor shape, but vari- 
able from Cundeamor to Angoleta. The 
surface is mostly tuberculate or rough to 
half-rough. The color of the immature 
pod is variable according to the Criollo 
parent : violet-red to blood-red, with green 
longitudinal striae or green spots from the 
Venezuelan Criollo ; light-green or yellow- 
ish-green with pinkish shade from Green 
Criollo. The trees are medium to large, 
of medium to very high productivity (for 
details see Ciferri, 1949) (fig. 3). 


EVOLUTION OF THE CACAO POPULATIONS 
IN VENEZUELA 


To sum up, the fundamental types of 
cacao hybrid between the subsp. typica 
(Criollos) and the subsp. /eiocarpa (Cala- 
bacillo) are as follows: 


Calabacillo 
[Ca ] or 
Amazonian 
Forastero 
x 
Criollos = Orinocan 
LCr] Forastero [Cr X Ca] 
Criollos = [Cr(Cr X Ca)] 
x 
Criollos = Venezuelan 


The distribution of the aboriginal cacao 
(fig. 4) covers a septentrional area with 
the so called Central-American Criollo 
and a meridional area of both South 


[Cr(Cr X Ca)Cr 


Forastero 


American Criollos. The affinity of the 
Central-American Criollo, which is not 
discussed here, has not been fully ana- 
lyzed; it appears to be derived from a 
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cross between both Criollos (Ve Cr Xx one from another is still obscure. It 


Gr Cr). 

In continental South America the area 
of the Green Criollo is much greater than 
that of the Venezuelan Criollo; the same 
applies to Venezuela. The derivation of 
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would be easy to suppose that the Green 
Criollo is derived from the anthocyanic 
Criollo by an albino mutation, as was 
Porcelain from Calabacillo. As the Green 
Criollo is a little hardier than the Ven- 
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ezuelan Criollo, and a little more resistant 
to unfavorable environmental conditions 
and possibly to cryptogamic diseases, it 
may be supposed that diffusion of the 
Green Criollo has been easier and greater 
than of the Venezuelan Criollo. 

In figure 3 the original presumed dis- 
tribution of Criollos is sketched. The 
natural cross between Criollos and the 
meridional Amazonian Forastero is sup- 
posed to have occurred in the region over- 
lapping both areas, namely, the valley to 
the west of the Amazon, from Rio Negro 
and Rio Branco up to the Orinoco. This 
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great region is almost unexplored, at least 
from our point of view; but the presence 
of Orinocan Forastero from the mouth of 
the Orinoco to the scattered cultures at 
east of the Orinoco (Rio Meta-Rio Ca- 
roni) is a confirmation of this idea. 
Probably until the XVII century, this 
Forastero remained localized in the area, 
or diffused slowly as small and scattered 
indigenous cultures to the Orinoco Delta, 
later being introduced into the intermedi- 
ary region of Canos de San Juan up to 
the Paria Peninsula. The Delta Ama- 
curo culture had been fully established by 
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the XIX century with several strains 
superimposed on the pre-existing Orino- 
can Forastero, then crossed with it. 
Presumably, the cross between the Ori- 
nocan Forastero and the previously dif- 
fused Criollos originating the Trinitarian 
Forastero, occurred independently in sev- 
eral cacao regions from the Guyanas to 
the Centro-Oriental Venezuela, east of 
the boundary of Caracas-La Guaira cul- 
tures that remained free from hybridiza- 
tion. The multiple back-crosses made in 
this great area on scattered cultures gave 
rise to local cacao populations. In Ven- 
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vations in the seriate valleys of the Distrito Central (State of Aragua), Venezuela. 
the ca 


ezuela two places are now easily recog- 
nizable, the center of the Paria Peninsula 
(region 3) and the Barlovento region 
(region 4), the later producing the bulk 
of the Venezuelan cacao of the lowest 
quality. 

The evolution of cacao populations to- 
gether with the progress of cacao culture 
in Venezuela to the beginning ef the XIX 
century, is evident from figure 5. 

The evolution of the cacao populations 
in the central and western regions of Ven- 
ezuela is much more evident as hybridi- 
zation occurred during the past century 
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(central region) or is yet in progress 
(western region). The history of cacao 
in the post-colonial period in Venezuela 
has been dealt with by Pittier (1932) and 
ourselves. 

These cultures were established in a 
series of small. parallel but more or less 
isolated valleys. They were developed 
from the XVII century chiefly by monks, 
escaping from Spanish royal domination, 
and the free but illegal markets were fa- 
vored by isolation, by free access to the 
sea and by the asylum offered by the 
church to escaped black slaves. The re- 
gion is composed by eight valleys in the 
State of Aragua. 

The localization of the cultures in Ara- 
gua is sketched in figure 6. Until the last 
century, only Criollos cacao was culti- 
vated in this region. Trinitarian Fora- 
stero has been introduced, probably from 
Barlovento or Paria, into the extreme 
western Turiamo Valley. The Trinitar- 
ian has slowly diffused from Turiamo 
eastward, and the progress is now fully 
recognizable by analysis of the cacao 
populations (see fig. 6). The cross of 
Trinitarian with pre-existing Criollos 
cacao originated the Venezuelan Criollo, 
in populations oscillating from an almost- 
Criollos to a full Trinitarian, according 
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to the nature and intensity of the back- 
crosses. 

The percentage of both Criollos and of 
the Forasteros, together with the number 
of cacao trees and the average yield of 
dry fermented cacao per tree, is shown 
in figure 6. 

In the Carabobo State (5, West of 
Aragua State) the Trinitarian Forastero 
is scarce and scattered, but, on the con- 
trary, it is frequent in the poorly diffused 
cacao culture of Yaracuy State (6, South- 
west of Aragua), as in the poorest cacao 
culture of Trujillo State (7, South of 
Yaracuy). The evidence is that Trini- 
tarian Forastero has been spread from 
Yaracuy to the East, the West and the 
South. Yaracuy was an important centre 
of cacao culture from late colonial times 
to the first half of the century, as well as 
an important commercial for cacao and 
other products. It is supposed that from 
Yaracuy some Venezuelan Forastero has 
been introduced into the State of Zulia 
(Maracaybo, 7) and that hybridization 
with Porcelain is in progress. 

The Maracaybo region is the boundary 
of introduction of Venezuelan and/or 
Trinitarian Forastero southwards, be- 
cause it is not present in the cacao cul- 
tures of the Andine States of Merida (9) 
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Fic. 7. Interrelationship between basic types of cacao and hybrids 
with the grading of fresh beans. 
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Fic. 8. Presumed general diffusion in South America of the 
Forasteros. 


and Tachira (10). Here only Criollos 
(rarely Porcelain and Criollos hybrids) 
are found in culture or in the scattered 
remains of the old cultures. These and 
other data are summarized in figure 3. 
In fig. 7 the interrelationship between 
basic cacao types and hybrids with grad- 
ing of fresh beans is sketched. 


THE AMAZONIAN FORASTERO AND THE 
West AFRICAN CALABACILLO 


The approximate distribution of Ama- 
zonian Forastero in continental South 
America is sketched in figure 8. In Ecu- 
ador, according to a few scattered data, 
there are mixed populations of several 
Forasteros and more or less autochtho- 
nous populations. The increasing culture 
of Brasilian cacao in the State of Bahia is 
fundamentally that of Amazonian cacao, 


but with a notable range of variability and 
some segregates (Bondar, 1929). The 
presumed early aborigenous cacaos and 
the introduction before the 20th century 
are summarized in the figures 9 and 10. 

It is generally admitted that the greater 
cacao output of the world—that of West 
Africa, chiefly Gold Coast—was derived 
from a very few Brasilian strains, via San 
Tomé and Principe Islands. This ex- 
ceedingly narrow base of origin has led 
to an extraordinary uniformity in the 
habitat of the trees and in their pods and 
beans. The quality is extremely low, es- 
pecially in types 1 and 2. The most ab- 
errant pod shape is that described by 
Chevalier as the small African species 7. 
sphaerocarpa, apparently a segregate from 
the Amazonian Forastero. The most 
likely antecedent of Calabacillo is this 
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Fic. 10. Some introduction of cacao groups prior the XX century. 


spherical, small-podded cacao with bitter 
and small beans. 

In conclusion, a more detailed explora- 
tion of wild and semi-cultivated cacao 
populations of South America is needed, 
together with a better knowledge of South 
American wild species of their affinity and 
their geographical distribution. Such a 
survey would be of great interest not only 
for the improvement of cacao, but also for 
prevention of the serious endemic cryto- 
gamic South American diseases witches 
broom and watery pod and of virus dis- 
eases, such as African swollen shot. 


SUMMARY 


The outstanding position of the Repub- 
lic of Venezuela, as center of evolution of 
the best commercial cacaos, is emphasized. 
The taxonomy of the species of the genus 
Theobroma is briefly discussed, together 
with the systematic status of cultivated 
cacaos. 

The morphological characteristics of 
cacao pods and grading of fresh cacao 
beans are summarized and the regions of 
cacao culture in Venezuela listed. 

The evolution of cacao populations of 
Venezuela are discussed from the poorest 
(Amazonian Forastero), very near Cala- 
bacillo, to the highest (Red-shelled or 
Venezuelan Criollo and Green-shelled 
Criollo). In the past only Criollos were 
cultivated, at least in the Central and 
Western regions of Venezuela. The Am- 
azonian Cacao has been introduced or 


diffused, and crossed with Criollos so that 
this speciation of cacao, marked by an in- 
crease of Criollo “blood” is now evident: 
Orinocan Forasteros, Trinitarian Fora- 
stero and Venezuelan Forastero. 

In addition, Porcelain cacao (supposed 
to be an albino mutant of Amazonian 
Forastero or Calabacillo) and Porcelain 
x Criollos hybrids (“Criollain”) are dis- 
cussed. 

The actual evolution in the cacao popu- 
lation is deduced from the culture of the 
Central sector to the Andine regions. 
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Senescence is a widespread phenome- 
non, but it has been largely neglected by 
non-medical biologists. This neglect may 
be attributed to a number of causes. One 
is that the process seldom presents itself 
to students of natural populations, since 
recognizably senile individuals are not of- 
ten found in the wild. Another, perhaps, 
is an emotional difficulty associated with 
aging, a situation that was hardly helped 
by the early clinical association of senes- 
cence with sex hormones. Another is 
the existence of theories that have gained 
tacit acceptance, despite their conceptual 
obsolescence and poverty of factual sup- 
port. The most injurious of these is the 
identification of senescence with the 
“wearing out” that is shown by human 
artifacts. A moment of serious considera- 
tion should convince a biologist of the 
fundamental dissimilarity between these 
two processes. The breakdown of human 
artifacts is strictly mechanical and is 
readily cured by mechanical repairs. The 
system is a static one, since the same ma- 
terial is continuously present, and there is 
no endogenous change with the passage of 
time. An organism, on the other hand, 
is an open system in a state of material 
flux. Even such structures as bones main- 
tain constant exchanges with the environ- 
ment. Moreover, an organism produces 
itself by a morphogenetic process. It is 
indeed remarkable that after a seemingly 
miraculous feat of morphogenesis a com- 
plex metazoan should be unable to per- 


1 Contribution number 92 from the Department 
of Natural Science, Michigan State University. 
The author wishes to thank Dr. Hugh N. Mo- 
zingo, Dr. Dennis W. Strawbridge, and his 
wife, Doris C. Williams, for their help in the 
preparation of this paper. 


Evo.uTion 11: 398-411. December, 1957. 


form the much simpler task of merely 
maintaining what is already formed. 

It is true, of course, that some parts of 
organisms do literally wear out. Human 
teeth, for instance, show wear similar to 
that of any tool subjected to friction, but 
this wear is no more a part of senescence 
than is the wearing away of replaceable 
epidermal cells. The senescence of human 
teeth consists not of their wearing out but 
of their lack of replacement when worn 
out. 

August Weismann (1891) was the first 
biologist of the evolutionary era to ad- 
vance a theory of senescence. He believed 
that organisms must inevitably show a 
decline analogous to that of mechanical 
devices, but that, in addition, there was a 
specific death-mechanism designed by nat- 
ural selection to eliminate the old, and 
therefore wornout, members of a popula- 
tion. He did not clearly indicate how 
such a mechanism could be produced by 
natural selection. He was likewise du- 
bious about the exact nature of the death- 
mechanism, but indicated that it might 
involve a specific limitation on the num- 
ber of divisions that somatic cells might 
undergo. 

Weismann’s theory is subject to a num- 
ber of criticisms, the most forceful of 
which are: 1) The fallacy of identifying 
senescence with mechanical wear, 2) the 
extreme rarity, in natural populations, of 
individuals that would be old enough to 
die of the postulated death-mechanism, 
3) the failure of several decades of geron- 
tological research to uncover any death- 
mechanism, and 4) the difficulties involved 
in visualizing how such a feature could be 


produced by natural selection. 
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Point number one was discussed in the 
opening paragraph, and points two and 
three will be documented in connection 
with my own theory. Point number four 
is concerned with the obvious conclusion 
that, other things being equal, a long- 
lived individual will leave more offspring 
than a short-lived one. If there is no 
specific death-mechanism, it is ‘ust as ob- 
vious that an individual that deveriorates 
slowly would be favored over one that 
deteriorates rapidly. Natural selection 
should ordinarily proceed towards length- 
ening life, not shortening it. Such selec- 
tion, at the individual level, could con- 
ceivably be countered by selection at the 
population level, if senescence somehow 
favored group-survival. This suggestion 
was made by Allee et al. (1949: 692). 
The efficacy of such selection depends 
upon a rather complicated series of as- 
sumptions with respect to population sizes, 
degree of isolation, and relative strengths 
of the selective forces (Wright, 1945). 
A theory based on the simpler and more 
widely applicable principle of selection 
within a group would be preferable, un- 
less the assumption of effective between- 
group selection proves to be necessary. 

The neglect of senescence by modern 
biologists has not, of course, been absolute. 
Recent years have seen the publication of 
a number of reviews, the most valuable of 
which are those of Comfort (1954, 1956). 
Also there is an increasing awareness of 
the decline of selection pressures with in- 
creasing age. This principle, a central 
part of the theory developed here, is first 
recognizable in the work of Bidder 
(1932), and has since been stated or im- 
plied by Haldane (1941), Medawar 
(1953), and Comfort (1956). The prin- 
ciple is implicit in the currently recognized 
definition of a lethal gene as one that re- 
sults in death before the reproductive pe- 
riod. However, the relationship of age to 
selection has never been precisely formu- 
lated. 

Comfort is severely critical of Weis- 
mann’s theory, and offers in its place the 
theory that senescence is selectively ir- 
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relevant. He argues (e.g., 1956: 39) that 
senescence is outside the developmental 
program that concerns natural selection, 
since almost no wild organisms ever at- 
tain the senile stage. I believe that this 
theory is incorrect. Its fallacy lies in the 
confusion of the process of senescence 
with the state of senility, and in an inac- 
curate conception of the relationship of 
age to selection pressures. No one would 
consider a man in his thirties senile, yet, 
according to athletic records and life 
tables, senescence is rampant during this 
decade. Surely this part of the human 
life-cycle concerns natural selection. The 
rate of senescence, as measured by life 
tables, is known to be subject to genetic 
variation (Gonzales, 1923; Kallman and 
Sanders, 1948). It is inconceivable in 
modern evolutionary theory that senes- 
cence, such as operates in man between 
ages thirty and forty, is selectively ir- 
relevant. 

I shall assume initially, therefore, that 
senescence is an unfavorable character, 
and that its development is opposed by 
selection. To account for its prevalence, 
therefore, it is necessary to postulate an- 
other force that favors its development in 
such a way that the observed variations in 
senescence reflect variations in the balance 
between these two forces. I believe that 
this other force is an indirect effect of se- 
lection, and results from the selection of 
genes that have different effects on fitness 
at different ages. 

A number of workers have postulated 
that senescence might result from proc- 
esses that are favorable early in life but 
have cumulative bad effects later on. 
Medawar (1953) expressed this concept 
in genetic terms by suggesting that link- 
age and pleiotropy might be involved in 
keeping favorable and unfavorable traits 
together, but he failed to elaborate on 
either possibility. Pleiotropy plays an 
essential role in the theory developed in 
this paper, but not linkage. Linkage 
might keep traits together for a time in 
a single line of descent, but I fail to see 
how it could contribute to the develop- 
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ment of senescence in a population as a 
whole unless crossover values were in- 
finitesimal. Such a condition would ap- 
proach pleiotropy and no special theory 
based on linkage need be elaborated. 


THE THEORY 
Four factors are initially assumed: 


(1) A soma that is essential to repro- 
ductive success but no part of which ts 
passed on in either sexual or asexual re- 
production. 

(2) Natural selection of alternative al- 
leles in a population. 

(3) Pleiotropic genes of a special sort. 
It is necessary to postulate genes that 
have opposite effects on fitness at differ- 
ent ages, or, more accurately, in different 
somatic environments. 


Convincing examples are hard to find, be- 
cause we seldom know the total survival 
value of a gene in a wild population, let 
alone its values in different parts of the 
life cycle. The best examples I can offer 
are at the black and speck loci in Dro- 
sophila melanogaster. Most laboratory 
mutants decrease longevity, but these two 
increase it, at least in the males under 
laboratory conditions (Gonzales, 1923). 
Black and speck are rare in nature, de- 
spite their beneficial effect on vigor late 


GEORGE C. WILLIAMS 


in life. The wild alleles of these genes 
must confer some earlier advantage that 
offsets the later disadvantage. Other pos- 
sible examples exist. Caspari (1952) 
lists a number of genes of Drosophila and 
the moth Ephestia that have conspicuous 
effects on adult characters and also alter 
the rate of development. Bridges and 
Brehme (1944) list a number of mutants 
of Drosophila melanogaster that are 
named for conspicuous effects on the adult 
but which also alter the larval phenotype 
in some way. Examples are glass and 
sparkling, which alter the size, shape and 
texture of the eye in the adult and the 
color of the malpighian tubules in the 
larva. Quite conceivably these different 
effects at different times could have op- 
posite influences on survival. However, 
there seems to be little necessity for docu- 
menting the existence of the necessary 
genes. Pleiotropy in some form is uni- 
versally recognized, and no one has ever 
suggested that ail the effects of a gene 
need be equally beneficial or harmful, or 
that they must all be manifest at the same 
time. 

(4) Decreasing probability of repro- 
duction with increasing adult age. An 
individual entering a population has a 
reproductive probability distribution (fig. 
1, solid curve). For an organism such as 
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man, who has no definite breeding season, 
there would be a rise from zero just be- 
for sexual maturity to a peak value shortly 
thereafter. Then there would be a de- 
cline due to a number of factors in man, 
among them senescence. But even in the 
complete absence of senescence there 
would always be a cumulative probability 
of death. This would produce a decline 
in reproductive probability, because the 
probability of reproduction at any age is 
a function of the probability of surviving 
to that age. No matter how low the mor- 
tality rate there is always a greater chance 
of surviving to age A than to age A + 1. 


The fourth assumption need not imply 
that an individual of age A has a greater 
likelihood of reproducing itself than an 
individual of age A + 1. If an individual 
has, in fact, survived to age A + 1, the 
factor of probability does not apply. 
Medawar (1955) has proposed a mathe- 
matical formulation of the reproductive 
potential of an individual of a certain age 
in a species characterized by senescence. 
It was proposed as a measure of the ex- 
tent of senescence at that age. The fourth 
assumption relates only to zygotes, and 
does not imply that senescence is opera- 
tive. 

The reproductive probability distribu- 
tion of a seasonal breeder would have not 
one but a series of modes, one for each 
breeding season. Once maximum fecun- 
dity has been reached, however, each suc- 
cessive peak would be lower than the pre- 
ceding one, due to the probability of death 
between the two seasons. 

Wright (1956) has proposed the fol- 
lowing model of the natural selection of a 
gene with mixed effects on fitness: 


(1) 
(1 + S,) 


where W is the selection coefficient of a 
gene and S,, S,, etc. are the advantages or 
disadvantages associated with its separate 
effects. Such selective effects consist of 
two factors. One is the direction and 
magnitude of the effect itself. The other 


is the proportion of the total reproductive 
probability influenced by the effect. This 
second factor would depend upon the 
amount of time during which the influence 
operates, but the relationship would not 
be a simple proportionality with time. 
The reproductive probability per unit 
time in the affected period would also be 
important. 

Equation (1) can therefore be restated 
as: 


(2)W = (1+m,p,)(1 + m,p,)... 
(1 + myp,,) 


where m is the magnitude of an effect and 
p is the relevant proportion of the repro- 
ductive probability. Obviously a gene 
that conveyed a slight increase in fitness 
with a high p-value might be favorably 
selected in spite of a serious decrease in 
fitness with a low p-value. This, I be- 
lieve, is the key to understanding the evo- 
lution of senescence, because any genic 
effect that arises late in life will have a 
low p-value. Natural selection may be 
said to be biased in favor of youth over 
old age whenever a conflict of interests 
arises. Medawar (1952) reached pre- 
cisely this conclusion by a somewhat dif- 
ferent line of reasoning. 

If a genic effect influences the survival 
of the soma in any way, it will alter the 
value of the entire reproductive probabil- 
ity that follows the onset of the effect. 
This is true even if the effect is expressed 
for only a short period. An influence on 
the likelihood of coming successfully 
through the birth process would be an ex- 
ample. It would alter the probability of 
survival to any age subsequent to birth, 
and therefore of reproduction at any age 
subsequent to birth. For such an effect, 
coming at any time before the reproduc- 
tive period, the value of » would be unity. 
Altering the order of such effects would 
alter the order but not the values of the 
factors to be multiplied in equation (1) 
and this would have no influence on the 
product. 

An effect on survival coming during the 
adult period, however, would alter only 
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that part of the reproductive probability 
that follows the age of onset (dashed 
curve in fig. 1). This proportion, the 
maximum value of p for any given age, 
is therefore a measure of the selective im- 
portance of that age. Since / starts to 
decline at the age of reproductive matura- 
tion, this point should theoretically mark 
the onset of senescence. 

Some genic effects might influence only 
fertility or some other strictly reproduc- 
tive function having nothing to do with 
somatic survival. This would alter the 
value of the reproductive probability only 
for the duration of the effect, because it 
would not influence the probability of sur- 
vival to subsequent ages. For such an 
effect the value of p would be determined 
by the duration of the effect and by the 
average reproductive probability per unit 
time in the affected period. 

One of Comfort’s main criticisms of 
Weismann’s theory is that it assumed ini- 
tially what it purported to explain, a de- 
clining vigor with increasing age. This 
is not true of the present theory, since no 
senescence is assumed to be initially pres- 
ent in the population. Each new gene, 
however, is judged on the basis of the 
current reproductive probability distribu- 
tion. Any previously established genes 
that cause senescence will increase the rate 
of decline in p and make it easier for other 
such genes to become established. In this 
way senescence becomes a self-aggravat- 
ing process. It must be emphasized, how- 
ever, that senescence is an unfavorable 
character. The direct action of selection 
will always be opposed to it. The estab- 
lishment of an important “senescence 
gene” in a population would cause the fa- 
vorable selection of other genes that would 
reduce or delay the unfavorable effects. 
As a hypothetical example we might im- 
agine a mutation arising that has a favor- 
able effect on the calcification of bone in 
the developmental period but which ex- 
presses itself in a subsequent somatic en- 
vironment in the calcification of the con- 
nective tissue of arteries. If the gene be- 
comes established in the population and if 
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this later effect is eventually deleterious, 
a selective premium would be placed on 
any gene that might suppress this arterial 
calcification. As the suppression ap- 
proached completion, however, the selec- 
tion pressure for further suppression 
would diminish. Complete suppression 
would probably never be realized. Senes- 
cence might be regarded as a group of 
adaptively unfavorable morphogenetic 
changes that were brought in as side ef- 
fects of otherwise favorable genes, and 
which have only been partly expurgated 
by further selection. There are therefore, 
two opposing selective forces with respect 
to the evolution of senescence. One is an 
indirect selective force that acts to in- 
crease the rate of senescence by favoring 
vigor in youth at the price of vigor later 
on. The other is the direct selection that 
acts to reduce or postpone the “price” and 
thereby decrease the rate of senescence. 
The rate of senescence shown by any spe- 
cies would depend on the balance between 
these opposing forces. 

The theory advanced here covers the 
senescence of genetically defined individ- 
uals only. It does not refer to the decline 
of renewable parts, such as leaves and 
erythrocytes, but some mention of the 
senescence of parts seems appropriate. It 
might be supposed that permanence of 
functional efficiency is a desirable charac- 
teristic of any part of an organism, but 
that it is not the only consideration. 
Given the necessary selective forces, it 
might be possible to evolve a potentially 
immortal erythrocyte, but some compro- 
mises would be necessary. A gene that 
favored erythrocyte longevity might be far 
from ideal for the maximization of oxy- 
gen-carrying capacity, to say nothing of 
unrelated functions of other systems that 
the gene might affect. The selective ad- 
vantage of an erythrocyte that could last 
forever over one that could last ‘a very 
long time’”’ might be so slight that genes 
favoring erythrocyte senescence might 
creep in because’ of other advantageous 
effects they might produce. Thus the 
senescence of renewable parts can also be 


 _ 
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attributed to the natural selection of pleio- 
tropic genes. 


TESTABLE DEDUCTIONS FROM 
THE THEORY 


The remainder of this paper will be de- 
voted to a consideration of some expecta- 
tions that follow from the theory, most of 
which can be tested in a preliminary way 
by reference to information contained in 
the literature. I believe that this infor- 
mation, although nowhere conclusive, is 
quite favorable to the theory. 

The first four deductions relate to the 
phylogeny of senescence. Especially im- 
portant is the implication that phylo- 
genetic variation in senescence should be 
predictable on the basis of phylogenetic 
variation in the reproductive probability 
distribution. The next four relate to the 
physiological expectations that follow 
from the theory, and the last concerns the 
expected outcome of artificial selection for 
increased longevity. 


(1) Senescence should be found wher- 
ever the conditions specified in the theory 
are met, and should not be found where 
these conditions are absent. There are 
organisms in which the distinction be- 
tween soma and germ-plasm may not 
exist, but the other assumptions of the 
theory would seem to be inevitable for 
any organism, at least for any that has a 
clear distinction between soma and germ- 
plasm. The theory regards senescence as 
an evolved characteristic of the soma. We 
should find it wherever a soma has been 
evolved, but not elsewhere. 

There should, therefore, be no senes- 
cence of protozoan clones. Some clones 
die out after a limited time, but there is 
reason to believe that clonal deterioration 
is fundamentally different from metazoan 
senescence. There are some strains that 
can apparently be propagated asexually 
for an indefinite period and others that 
cannot. Within a single species both con- 
ditions have been reported, and even 
among the individuals arising from a sin- 
gle pair of exconjugant ciliates, some will 
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die after a few divisions and others can 
be propagated asexually for as long as 
favorable environmental conditions are 
maintained. No such intraspecific varia- 
tion is known among metazoans. The 
difference between temporary and perma- 
nent clones of protozoans may apparently 
be due to a very few genetic factors. 
These various aspects of protozoan “se- 
nescence” have been reviewed by Comfort 


(1956: ch. 3) who concludes (p. 119) 


It is in any case probably misleading to iden- 
tify the decline of protozoan cultures with the 
metazoan senescence which it superficially re- 
sembles. . . . There is no special reason, upon 
the present evidence, why the “senescence” of 
Paramecium should continue to figure as ex- 
tensively as it has done in treatises devoted to 
gerontology. 


While asexual clones should not show 
senescence, asexually reproducing individ- 
uals may be regarded as having somas 
and they should, according to the theory, 
show senescence. Fissile animals would 
appear at first sight to lack a soma, but 
often the products of fission are not al- 
together similar. It may be physiologi- 
cally justified to regard one as parent and 
the other as offspring. The asexual re- 
production of turbellarian flatworms, for 
example, is often termed fission, but the 
division is transverse and separates a head 
end from a quite different tail end. In 
some, moreover, the two parts are very 
unequal in size. Sonneborn (1930) inter- 
prets the division of the flatworm Steno- 
stomum tncaudatum as budding. Each 
worm gives off a small and largely un- 
differentiated posterior bud and retains 
most of the specialized tissues. The se- 
ries of anterior products of division can 
therefore be regarded as an individual 
soma giving off buds. Conditions speci- 
fied in the theory are met, and eventual 
senescence is expected of the anterior 
series. This appears, in fact, to be true. 
Sonneborn was able to keep most of the 
clones composed of successive posterior 
ends continuing for long periods of time, 
and none gave clear indications of death 
from endogenous causes. Lines of suc- 


/ 
a 
a 
- 
‘ 


404 GEORGE C. WILLIAMS 


cessive anteriors, however, all died out 
after a limited number of posteriors had 
been given off. 

There is a problem as to just what 
constitutes “the individual” in an asexual 
clone. From a physiological standpoint, 
each functionally independent system is 
an individual, but to natural selection, all 
such systems of the same genotype col- 
lectively comprise a single individual, no 
matter how numerous and scattered they 
might be. So it might be best to regard 
a flatworm clone as an individual and 
anterior series as its expendible parts. 

An analogous problem exists with re- 
spect to the soma of higher plants. It is 
physiologically reasonable to think of a 
single tree as a separate individual and its 
demise as the death of a mortal soma. 
Many of the cells of a tree, however, may 
give rise to shoots bearing sexual cells or 
to structures passed on in asexual repro- 
duction. Such potential germ cells are 
scattered throughout a plant. It may be 
that the great majority of the living cells 
of a plant are potential parts of the germ- 
line, because even rather specialized cell 
types can dedifferentiate and give rise to 
reproductive structures (Buvat, 1944). 
From the standpoint of selection and the 
theory developed in this paper, it would 
be better to regard a clone of higher plants 
as an individual and the separate cellulose 
edifices as its expendible parts. This 
theory demands that there be no senes- 
cence of the clone (genetically defined in- 
dividual) although there should be senes- 
cence of its expendible parts (physiologi- 
cally defined individuals). There is no 
doubt that physiologically defined individ- 
ual plants undergo senescence, but the 
senescence of plant clones is a matter of 
some controversy. When Molisch wrote 
his classic review of plant senescence in 
1928 (Molisch and Fulling, 1938), he ex- 
pressed the conviction, with some reser- 
vations, that plant clones eventually de- 
teriorate and cannot be maintained indefi- 
nitely. When the subject was reviewed 
again by Crocker (1942), it was indicated 
that many of Molisch’s examples of clonal 


senescence had been attributed to exoge- 
nous causes. Some clones, for instance, 
deteriorated because of virus diseases that 
were passed on in asexual reproduction 
but not through seeds. In regions that 
were free of these diseases, the clones 
continued to thrive. 

It will probably be a long time before 
this matter is completely settled. Never- 
theless, it can be concluded that if a plant 
clone undergoes senescence at all, it must 
be very slow compared with the senes- 
cence of the separate individuals of the 
clone. As Crocker pointed out, many 
horticultural varieties, which live as iso- 
lated plants for only a few years or dec- 
ades, have been propagated asexually for 
centuries and are still vigorous. 

(2) Low adult death rates should be 
associated with low rates of senescence, 
and high adult death rates with high rates 
of senescence. Cumulative adult mortal- 
ity is the primary reason for decline in re- 
productive probability with the passage of 
time. If, as I have indicated, the rate of 
this decline determines the balance of se- 
lective forces acting on senescence at any 
given age, we should be able to predict 
rates of senescence on the basis of adult 
mortality rates. 

This expectation is obviously realized, 
if it is legitimate to compare widely differ- 
ent kinds of organisms. Active adult in- 
sects have mortality rates of the order of 
ten percent per day (Lack, 1954: 102), 
and maximum longevity is of the order of 
a few weeks (Comfort, 1954: 57). Mor- 
tality rates of adult man in extremely 
primitive situations probably never aver- 
aged more than ten percent per year, and 
man’s maximum longevity may include 
as many years as that of the insects in- 
cludes days. In wild populations gener- 
ally, it probably seldom happens that sen- 
esence has more than a slight modifying 
influence on mortality. The death rates 
of young adults are usually such that very 
few individuals will live long enough to 
suffer any gross debilitation through the 
process of senescence (Lack, 1954). 

The critical comparison would be be- 


EVOLUTION OF SENESCENCE 


tween organisms that have approximately 
similar life cycles except for adult mor- 
tality rates. Birds have lower adult mor- 
tality rates than mammals of similar size 
(Lack, 1954; Blair, 1948; 1951), and, as 
expected, greater potential longevity 
(Comfort, 1956: 160). The difference in 
senescence rate has been attributed to 
some fundamental difference between the 
physiological organizations of birds and 
mammals, perhaps to differences in the 
manner of growth limitation (Comfort, 
1956: 160). For reasons discussed below, 
however, I believe it is unlikely that any 
single physiological difference is respon- 
sible. The evolutionary cause of the low 
rate of bird senescence must be that birds 
can fly, are thereby less liable to predation 
and accidents, and therefore have lower 
mortality rates. Decisive evidence would 
come from a detailed investigation of the 
rates of senescence of flightless birds, for 
which high rates of senescence would be 
expected, and flying mammals, for which 
low rates would be expected. No such 
investigation has been carried out, but the 
evidence, although meagre, is extremely 
suggestive. Of 45 non-passerine birds 
for which Comfort (1956: 50) lists re- 
liable age maxima, only two, the ostrich 
and the emu, are flightless, and these are 
among the four with the lowest age max- 
ima. Large animals are usually longer- 
lived than small ones, and on this basis 
the ostrich and emu should live longer 
than any of the other birds in Comfort’s 
list. If such age maxima are a reliable 
basis for comparison of senescence rates, 
a causal relationship between flightless- 
ness and rapid senescence is clearly indi- 
cated. 

The most volant mammals are the bats. 
There are no reliable records of bat age 
maxima, nor studies of mortality rates in 
the wild. Ringed bats, however, have 
been recovered after as long as seven 
years (Lack, 1954: 100), a period that 
exceeds the age maxima of other small 
mammals such as rodents and insectivores 
(Comfort, 1956: 47). Bats must be sig- 
nificantly longer-lived than other mam- 
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mals of comparable size and develop- 
mental rates. 

Other special life-history features can 
affect mortality rates, and such features 
should therefore influence the evolution of 
senescence. The shells of turtles presum- 
ably reduce their vulnerability to preda- 
tion and fatal injury. This may account 
for their great longevity compared with 
other reptiles, even with very large ones 
like crocodilians. Relatively small tor- 
toises have a maximum life-span of twice 
that of the alligator (Comfort, 1956: 51- 
2). Such factors as homing and territo- 
riality could also affect adult mortality 
rates and the balance of selective forces 
acting on senescence. If an animal has 
occupied an individual niche for a long 
time it is likely, by virtue of the long- 
continued survival of the animal, that the 
niche is an especially favorable one. The 
probability that it will continue to be fa- 
vorable for one more year increases with 
each passing year. Such factors as these 
would act to lower mortality rates for the 
higher age groups and intensify the selec- 
tion against senescence. Such a declining 
adult mortality rate has been demon- 
strated for territorial lizards (Stebbins, 
1948). 

According to the theory, death rates 
prior to maturation have no influence on 
the evolution of senescence. The larger 
fishes and the very prolific marine inver- 
tebrates have enormously high mortality 
rates in the young stages, yet such organ- 
isms may live for a long time in captivity 
(Comfort, 1956: ch. 2). 

(3) Senescence should be more rapid 
in those organisms that do not increase 
markedly in fecundity after maturity than 
those that do show such an increase. 
Many organisms, such as rotifers, most 
insects, and warm-blooded vertebrates 
grow very little after reaching maturity. 
Others, such as mollusks, most crustacea, 
and most cold-blooded vertebrates con- 
tinue to grow at an appreciable rate long 
after sexual maturity, perhaps throughout 
life. Such an increase in size is accom- 
panied by an increase in fecundity. An 
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old carp may produce ten times as many 
eggs as a recently matured one (Car- 
lander, 1953). An increase in fecundity 
has the opposite effect from mortality. It 
tends to increase the reproductive proba- 
bility for the more advanced ages and 
thereby intensify the selection against se- 
nescence. This, I believe, is the basic evo- 
lutionary reason for the apparent associa- 
tion between rapid senescence and deter- 
minate growth (Comfort, 1956: ch. 5). 

(4) Where there ts a sex difference, the 
sex with the higher mortality rate and 
lesser rate of increase in fecundity should 
undergo the more rapid senescence. Males 
of many animals are exposed to greater 
risks than females. They may fight each 
other or spend much time in conspicuous 
courtship displays, and they may be more 
conspicuously colored than the females. 
All these factors would increase the dan- 
gers from predation, and any actual com- 
bat, of course, may be dangerous in itself. 
A greater adult mortality rate of males is 
known for a number of wild populations 
of species to which these considerations 
apply (Haskins and Haskins, 1951; 
Krumbholz, 1948; Lack, 1954: 111-12) al- 
though female mortality rates seem to be 
higher in birds (Lack, 1954: 107-11). 
Likewise, the number of offspring pro- 
duced by a male is presumably less de- 
pendant upon body size than it is in the 
female, at least where there is internal 
fertilization. All these factors would 
make the rate of decline in reproductive 
probability more rapid in males than in 
females. The balance of selective forces 
should therefore result in more rapid se- 
nescence in the males of species in which 
these conditions are found, and in which 
the genetic and hormonal mechanisms 
provide for sex differences in such char- 
acters. 

Throughout the animal kingdom it is a 
general rule that females are longer-lived 
than males; so it would appear that the 
theoretical expectations are realized. 
There are some possible exceptions, and 
unfortunately both the rule and exceptions 
are based on scanty data (Comfort, 1956: 
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30-4). It is certain, however, that the fe- 
males of really well studied animals, such 
as man, farm animals, and the fruit-fly are 
longer-lived than the males. The theory 
of senescence as a function of the repro- 
ductive probability distribution may ex- 
plain sex-differences in vigor in old age, 
but it does not explain the frequently ob- 
served differences in vigor early in life, 
such as the greater fetal and infant mor- 
tality of human males. 

(5) Senescence should always be a 
generalized deterioration, and never due 
largely to changes in a single system. 
The earlier an adverse genic effect, the 
greater will be the associated p-value and 
the intensity of adverse selection. So if 
the adverse genic effects appeared earlier 
in one system than any other, they would 
be removed by selection ffom that system 
more readily than from any other. In 
other words, natural selection will always 
be in greatest opposition to the decline of 
the most senescence-prone system. If, for 
instance, degenerative changes in the en- 
docrine glands were the primary cause of 
human senescence, there would be little 
selection against the deterioration of other 
organs. The selective forces against 
senescence would be directed primarily 
against that of the endocrine system. 
This selection and the accumulation of 
harmful genetic effects in other: systems 
would cause the senescence rate of the 
other systems to approach that of the en- 
docrine glands. 

Formerly it was believed that mam- 
malian senescence was largely a hormonal 
phenomenon. Miraculous rejuvenation 
was anticipated from the implantation of 
young gonads into aged people, but the 
miracles were never realized. It was also 
thought by some that a deterioration of 
the nervous system was the primary cause 
of senescence in certain insects. Comfort 
has shown, however, that there is little 
evidence for these beliefs. For insects he 
lists (1956: 96-7) several known types of 
senile deterioration, including “‘general se- 
nile decay.” In mammals and especially 
man it is now realized that senescence 
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characterizes many organs and systems, 
perhaps all (Comfort, 1956: ch. 6; Lan- 
sing, 1952: ch. 8-30). More evidence is 
needed for other organisms, however. 

Comfort (1956: 98) points out that 
death in insects that do not feed during 
the imaginal stage must eventually result 
from a depletion of food reserves. This 
is true, but according to my theory there 
should be other degenerative changes in 
addition to the food depletion. It would 
be expected that death in natural popu- 
lations would result from these other 
changes about as often as from the food 
depletion. Otherwise there would be in- 
tense selection favoring greater food re- 
serves. It would also be predicted that 
artificial replenishment of food reserves 
would not lengthen life to any significant 
degree. 

Basic research in gerontology has pro- 
ceded with the assumption that the aging 
process will be ultimately explicated 
through the discovery of one or a few 
physiological processes. Medawar (1955) 
clearly expressed this basic assumption. 
He envisioned the essential task of geron- 
tologists to be that of distinguishing cause 
from effect among the multitude of ob- 
servable changes in aging organisms, and 
eventually isolating the presumably few 
ultimate causes. Any such small number 
of primary physiological factors is a logi- 
cal impossibility if the assumptions made 
in the present study are valid. This con- 
clusion banishes the “fountain of youth” 
to the limbo of scientific impossibilities 
where other human aspirations, like the 
perpetual motion machine and Laplace’s 
“superman” have already been placed by 
other theoretical considerations. Such 
conclusions are always disappointing, but 
they have the desirable consequence of 
channeling research in directions that are 
likely to be fruitful. 

(6) There should be little or no post- 
reproductive period in the normal ltfe- 
cycle of any species. This prediction is 
a special case of the one immediately pre- 
ceding, since sterility is the selective 
equivalent of death. If most of the senes- 
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cence-influenced removal of individuals 
from the breeding population were due to 
a deterioration of the reproductive system, 
there would be a greater selection against 
this deterioration than any other. The 
population would evolve towards in- 
creased reproductive and decreased so- 
matic longevity. 

At first sight it appears that this pre- 
diction is not realized. Long post-repro- 
ductive periods are known in many do- 
mesticated animals and in man himself. 
In man it may even be longer than the 
reproductive period. However, these ob- 
servations lose much of their seeming im- 
portance when it is realized that they are 
largely artifacts of civilization. In very 
primitive conditions, such as prevailed 
throughout almost all of man’s evolution, 
post-reproductive individuals were ex- 
tremely rare. Of 173 paleolithic and 
mesolithic skeletal specimens whose age 
at death could be determined, Valois 
(1937) found only three who were over 
fifty, and none was much older than this. 
It is safe to conclude that senile sterility 
became an important factor in removing 
individuals from the human breeding 
population only in recent historical times. 

The term post-reproductive needs clari- 
fication with respect to man. There is 
more to reproduction than producing vi- 
able gametes. In man there is a very long 
period of dependance after conception. 
Any individual, of whatever age, who is 
caring for dependent offspring is acting 
in a way that promotes the survival of his 
own genes and is properly considered a 
part of the breeding population. No one 
is post-reproductive until his youngest 
child is self-sufficient. So the post-repro- 
ductive period in man begins not with se- 
nile sterility, but at least a decade later. 

In the human male and in both sexes 
of other animals, reproductive decline is 
a gradual process (Comfort, 1956: 177- 
8), as is the senescence of other systems. 
In the human female, however, it is rather 
abrupt, and some special explanation is 
required. At some time during human 
evolution it may have become advantage- 
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ous for a woman of forty-five or fifty to 
stop dividing her declining faculties be- 
tween the care of extant offspring and the 
production of new ones. A termination 
of increasingly hazardous pregnancies 
would enable her to devote her whole re- 
maining energy to the care of her living 
children, and would remove childbirth 
mortality as a possible cause for failure 
to raise these children. Menopause, al- 
though apparently a cessation of reproduc- 
tion, may have arisen as a reproductive 
adaptation to a life-cycle already charac- 
terized by senescence, unusual hazards in 
pregnancy and childbirth, and a long pe- 
riod of juvenile dependence. If so, it is 
improper to regard menopause as a part 
of the aging syndrome. 

The long post-reproductive periods of 
domesticated animals are also the prod- 
ucts of civilization. The rat has a long 
post-reproductive period in a man-made 
environment where blindness, extensive 
paralysis, and other gross functional 1m- 
pairments do not result in death, but this 
is clearly not of the same significance as 
such a post-reproductive period in a wild 
individual. 

A related problem is that of castration. 
Castration, of course, immediately reduces 
the reproductive probability to zero, but 
it is only through selection that such an 
effect could hasten senescence. If castra- 
tion were persistently performed at a cer- 
tain age, it would remove all selection 
against senescence foliowing that age. 
After a large number of generations an 
increased rate of senescence would be ex- 
pected after the age of castration. 

Such an experiment has been per- 
formed by nature in the development of 
uniparous animals and monocarpic plants. 
For every individual of such species, the 
immediate reason for reproducing only 
once is that once it reproduces it dies. 
Historically, however, it must have been 
the other way around. The lack of a sec- 
ond period of reproduction in the normal 
life-cycle removed all selection against 
senescence following the first reproduc- 
tion. Eventually this resulted in a uni- 
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extremely rapid senescence following the 
first period of reproduction. Such condi- 
tions probably arise gradually. Heavy 
mortality between the first and second 
breeding seasons lowers the reproductive 
probability for the second season relative 
to the first. This in turn favors the de- 
velopment of senescence between the two 
breeding seasons, and this further lowers 
the probability of a successful second re- 
production. Eventually the complete loss 
of the second period of reproduction 
might not be a serious disadvantage, and 
might be brought in as a pleiotropic ef- 
fect of a gene that conferred some slight 
advantage during the first season. A pos- 
sible transitional condition is shown by 
the Pacific steelhead trout, which spawns 
in the same streams as the salmon Onco- 
rhynchus kisutch. The trout, unlike the 
salmon, does not die right after the first 
spawning. It may return to the sea and 
undertake a second spawning migration 
the following year. The chances of a re- 
peat spawning are low, however. The 
first spawners were five times as numer- 
ous as all other age groups combined in 
a spawning steelhead population studied 
by Shapovalov and Taft (1954). 

(7) The time of reproductive matura- 
tion should mark the onset of senescence. 
Senescence is regarded in this paper as a 
consequence of the decline of reproductive 
probability with increasing age. This de- 
cline starts at the time of reproductive 
maturation. So senescence should also 
begin at this time. 

This expectation would be very difficult 
to test at present, since no precise meas- 
urement of senescence has been developed. 
The life-table demonstration of increasing 
probability of death with increasing age is 
subject to some serious criticisms but re- 
mains the best available measure of senes- 
cence (Medawar, 1955). It is reliable 
only when different age classes are ex- 
posed to the same kinds and degrees of 
dangers and stresses. Since such factors 
are seldom completely controlled, the life- 
table can be relied on only for studying 
very marked functional impairments with 
the passage of time. 
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Moreover, senescence is not the only 
factor responsible for variations in vigor 
at different ages. All through develop- 
ment there must be compromises between 
the need for continuous fitness and the 
demands of morphogenesis. The modern 
human mortality rate is extremely high 
in infancy, a period of rapid morphogene- 
sis. It then declines to a minimum at ages 
ten to twelve, rises during adolescence, 
and continues to rise with increasing 
rapidity thereafter (Comfort, 1956: 16). 
This distribution of death rates might be 
taken as verification of the theory, but 
adolescence is a period of more rapid 
morphogenesis than that immediately pre- 
ceding, and this factor may be partly 
responsible for the increased adolescent 
mortality. Moreover, the distribution of 
stresses and dangers is hardly uniform 
through childhood, adolescence, and early 
adulthood. 

In many primitive human societies the 
death of teen-age parents must have 
greatly reduced the survival prospects of 
any children they might have produced. 
The care of dependent offspring is as im- 
portant to human reproduction as the pro- 
duction of gametes. So the rate of decline 
in reproductive probability in early adult- 
hood must be very slight, and this factor 
should result in a very low rate of senes- 
cence during the first decade of man’s re- 
productive life. 

Comfort (1956: 39-40) maintains that 
any theory of senescence based on natural 
selection demands that the age of mini- 
mum mortality and that of maximum fer- 
tility should coincide. He casts doubt on 
such theories because human _ life-tables 
fail to confirm this expectation. This ar- 
gument is surely fallacious. Vigor at age 
ten is no less important to human repro- 
duction than vigor at age twenty-five. In 
fact it is more important. Vigor at ten 
affects the value of the entire reproductive 
probability. Vigor at twenty-five affects 
only the part of reproductive probability 
that follows that age. 

(8) Rapid individual development 
should be correlated with rapid senes- 
cence. Reproductive maturation is the 
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most important landmark in the life-cycle 
for the evolution of senescence. Senes- 
cence may theoretically begin right after 
this stage in development. So the sooner 
this point is reached, the sooner senes- 
cence should begin, and the sooner it 
should have demonstrable effects. This 
is, perhaps, another reason for the appar- 
ently slow senescence of birds. They 
grow very rapidly to maximum size, but 
sexual maturity does not occur until long 
after this maximum size is reached. 

Senescence has long been considered an 
aspect of morphogenesis (see Comfort, 
1956: 7-8, for references), although the 
precise meaning of this relationship has 
never been clarified. In this paper I have 
assumed that genes produce different ef- 
fects in different somatic environments, 
and that these effects become progres- 
sively less controlled by selection with in- 
creasing adult age. If senescence is ac- 
tually due to the morphogenetic effects of 
genes, conditions that favor rapid mor- 
phogenesis should also favor rapid senes- 
cence, not only by reducing the time re- 
quired to reach maturity, but during the 
adult stage as well. The rate of recogniz- 
able morphogenetic change in the adult, 
such as the obliteration of bone sutures in 
man, should therefore correspond to the 
rate of senescence. 

The idea that the rate of senescence de- 
pends in some way on the “rate of living” 
has been recognized for many years. It 
appears that there is some sort of fixed 
quantity of vital vigor that can be ex- 
pended at different rates. Comfort 
(1956: ch. 5) advanced three hypotheses 
as to the nature of this life quantity: (1) 
an unrenewable store of some vital neces- 
sity (2) a metabolic quantity, measurable, 
perhaps, in calories (3) a fixed develop- 
mental sequence. Since the first sugges- 
tion was not made specific enough to dis- 
cuss very critically, the choice is mainly 
between the remaining two. According 
to my theory, the third alternative is the 
correct one. It would be expected that if 
development could be completely arrested, 
there would be no senescence, and that if 
development were greatly accelerated, 
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without a commensurate increase in me- 
tabolism, senescence would be accelerated 
and appear at the usual developmental 
stage. 

Senescence of monocarpic plants can be 
greatly delayed by preventing them from 
forming flowers and seeds (Crocker, 
1942). The eel may live 55 years in cap- 
tivity (Comfort, 1956: 53), where con- 
ditions necessary for spawning are not 
found, but wild ones usually spawn and 
die at about ten years, and never more 
than twice this age (Frost, 1950). An 
eel kept for half a century at room tem- 
perature surely performs an enormously 
greater feat of metabolism than a wild one 
in ten years. If the immediate post- 
reproductive death of organisms that re- 
produce only once is considered senes- 
cence, and if the pre- and post-reproduc- 
tive periods are considered morphogenetic 
stages, these observations on eels and 
monocarpic plants indicate a causal rela- 
tion between delayed morphogenesis and 
delayed senescence. 

A direct relationship between rates of 
morphogenesis and of senescence is also 
indicated by Lansing’s (1947) evidence 
of a cytoplasmically inherited factor that 
influences both longevity and rate of de- 
velopment of rotifers. 

(9) Successful selection for increased 
longevity should result in decreased vigor 
in youth. If senescence results from genes 
that increase youthful vigor at the price of 
vigor later on, the loss of some of these 
genes through selection should result in 
decreased youthful vigor. It does not fol- 
low that puny youths are necessarily long- 
lived, nor that very old individuals were 
necessarily below average in youthful 
vigor. Most of the genes or gene combi- 
nations that favor vigor early in life prob- 
ably also favor longevity. Only a small 
proportion of the genes need be of the 
sort that produce opposite effects on fit- 
ness at different ages, and of these, only 
a certain proportion would have available 
alleles that could reduce the rate of senes- 
cence. It follows that an individual can 
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youthful vigor and long life. I would pre- 
dict that no human being who is over a 
hundred years old was unusually vigorous 
as a young adult. 


SUMMARY 


A new individual entering a population 
may be said to have a reproductive prob- 
ability distribution. The reproductive 
probability is zero from zygote to repro- 
ductive maturity. Later, perhaps shortly 
after maturity, it reaches a peak value. 
Then it declines due to the cumulative 
probability of death. There is a cumula- 
tive probability of death with or without 
senescence. 

The selective value of a gene depends 
on how it affects the total reproductive 
probability. Selection of a gene that con- 
fers an advantage at one age and a disad- 
vantage at another will depend not only 
on the magnitudes of the effects them- 
selves, but also on the times of the effects. 
An advantage during the period of maxi- 
mum reproductive probability would in- 
crease the total reproductive probability 
more than a proportionately similar dis- 
advantage later on would decrease it. So 
natural selection will frequently maximize 
vigor in youth at the expense of vigor 
later on and thereby produce a declining 
vigor (senescence) during adult life. Se- 
lection, of course, will act to minimize the 
rate of this decline whenever possible. 
The rate of senescence shown by any spe- 
cies will reflect the balance between this 
direct, adverse selection of senescence as 
an unfavorable character, and the indirect, 
favorable selection through the age-related 
bias in the selection of pleiotropic genes. 

Variations in the amount of fecundity 
increase after maturity, in the adult mor- 
tality rate, and in other life-history fea- 
tures would affect the shape of the re- 
productive probability distribution and 
thereby influence the evolution of senes- 
cence. Any factor that decreases the 
rate of decline in reproductive probability 
intensifies selection against senescence. 
Any factor that increases the rate of this 
decline causes a relaxed selection against 
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senescence and a greater advantage in 
increasing youthful vigor at the price of 
vigor later on. These considerations ex- 
plain much of what is known of phylo- 
genetic variation in rates of senescence. 
Other deductions from the theory are 
also supported by limited available evi- 
dence. These include the expectation that 
rapid morphogenesis should be associated 
with rapid senescence, that senescence 
should always be a generalized deteriora- 
tion of many organs and systems, and that 
post-reproductive periods be short and 
infrequent in any wild population. 
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INTRODUCTION 


Differential survival or mortality is one 
aspect of selection, not the only one but 
of great importance. It is the same con- 
cept as Darwin’s and Wallace’s “survival 
of the fittest” and may properly be styled 
Darwinian selection. Such differential 
survival may favor variants close to the 
population mode, while weeding out more 
extreme variants through higher mortality 
rates than the population average. This 
is ‘‘stabilizing”’ selection, as it is sometimes 
called; centripetal selection (Simpson, 
1954) would seem to be a happier ex- 
pression. A population in this situation 
is, on an average, well-adapted ; the selec- 
tion tends only to promote the central or 
most frequent type in the population. As 
another possibility, a linear component 
(1tbid.) may enter into the complex. The 
selection is then directed towards an opti- 
mum different from the population mode, 
within or outside the realized population 
range of variation. Such instances are ap- 
parently less common, because a popula- 
tion of this type is not optimally adapted, 
and will tend to adapt by utilization of its 
genetic variability; if no suitable varia- 
bility is available, it is rather likely to be- 
come extinct. 

Instances of differential survival af- 
fecting mammalian teeth have been given 
in Kurtén (1953, 1955 b). The study of 
differential mortality is particularly easy 
on mammalian tooth crowns, because vari- 
ation caused by growth does not occur. 
If care is taken to select a mensuration 
system not affected by the wear or by the 
disposition of the tooth in the jaw, any 
significant reduction of variation or change 
of mean in a cohort, with increasing age, 
is therefore due to differential survival, or 
Darwinian selection. 


Evo_uTion 11: 412-416. December, 1957. 


A necessary prerequisite for study of 
this kind is the existence of large and ho- 
mogeneous samples, because the changes 
in variances and means are generally 
subtle, and only a large material can be 
used for the statistical establishing of such 
trends. It should also be possible to make 
some kind of age grouping, even if only 
a crude distinction between “young” and 
“old” individuals, with unworn and worn 
tooth crowns, respectively. 


MATERIAL AND METHOD 


The European cave bear (Ursus spe- 
laeus) is exceptionally useful in quanti- 
tative population studies. Very large ac- 
cumulations of fossils are known, and 
each cave sample represents a local deme 
and a geologically very short time span, 
probably on the order of 5,000—-30,000 
years for most caves; thus a high degree 
of homogeneity is ensured. The great 
accumulations of fossils result from very 
intensive sampling out of a continuously 
rather small population (Soergel, 1940). 
Most caves were only inhabited during hi- 
bernation, and a study of the age distribu- 
tion (which will be published in detail 
elsewhere ) indicates that there was a mor- 
tality peak near the end of the hibernation 
period ; the fossils show an age grouping 
with modes at roughly 0.4, 1.4, 2.4 etc. 
years of age. 

Thus we have not only statistically 
respectable samples, but also the means 
to make reasonably secure determinations 
of individual age, and thus study the 
trends of Darwinian selection during an- 
nual intervals in the life history of the 
cohort. 

In my previous studies of Darwinian se- 
lection in bears, absolute dimensions of 
teeth were used. It was then necessary to 
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use sexually homogeneous samples, in or- 
der to avoid the effects produced by sex 
dimorphism. The study is thereby limited 
to sexable material, and this approach is 
not practicable for many cave bear sam- 
ples, which consist mainly of isolated teeth 
—particularly the youngest individuals. 
Isolated teeth cannot be sexed, except ca- 
nines and some incisors. Other methods 
must be devised for a study of differ- 
ential mortality on such samples. 

Regression analysis was found to be 
useful and highly illuminating. For the 
present purpose, however, the less labori- 
ous and more easily understood quotient 
method will be used. This reduces the 
possibilities for study, insofar as only di- 
mensions with an isometric or nearly iso- 
metric interrelationship can be used. The 
characters which will be discussed here be- 
long to this group. The method is to ex- 
press one of the dimensions in per cent of 
the other, and study the changes in the 
variation and average value of this index 
with increasing age in the cohort. The 
initial stage (cohort at about 0.4 year) 
is represented by the complete sample, and 
the succeeding annual groups are obtained 
by successively subtracting from the sam- 
ple the 04-year group, 1.4-year group, 
and so on. 

The sample used in this study was ex- 
cavated long ago in the caves near Odessa 
(Nordmann, 1858-60; Kurtén, 1955 a, b), 
and the material is in the Nordmann Col- 
lection of the Geological Institute of Hel- 
singfors University. The study of this 
material has been sponsored by grants 
from the Academy of Finland and the 
Finnish State Commission of Natural 
Science. 


EVIDENCE OF SELECTION IN THE SECOND 
MOLARS 


The index of 100 length of M? para- 
cone/total length of M* crown, which will 
be called the paracone index, was com- 
puted for the Odessa material. The para- 
cone, or anterior external cusp, is the 
largest cusp of the posterior upper molar 
(fig. 1). The index expresses its length 
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Fic. 1. Left second upper and lower molars 
of cave bear, Ursus spelaeus, external view. 
The paracone (pa) of the upper molar occludes 
into the valley between protoconid (prd) and 
hypoconid (hyd) of the lower. 


as a percentage of the total crown length. 
The dimensions could be adequately and 
consistently measured on most of the 
material except a few specimens in stages 
of excessive attrition, which were left out 
of consideration. 

The change in the mean and standard 
deviation for this index with increasing 
age in the cohort is shown in table 1. 
The standard deviation (o’, see Simpson 
and Roe, 1939) shows a slow but steady 
reduction of variation throughout the se- 
ries, not of high statistical significance but 
nevertheless, as a trend, highly suggestive. 
That Darwinian selection did occur is 
however conclusively proved by the fact 
that the mean also changes in the cohort, 
and this change is highly significant. The 
mean for the group that died at 0.4 year is 
29.26 + 0.20, and differs from, for in- 
stance, the cohort mean at 2.4 years (see 
the table) with the highest significance 
(P < 0.001). There is a continuous re- 
duction in the mean paracone index with 


TABLE 1. Paracone index for the Odessan Ursus 
spelaeus cohort, at successive ages 


(years) N* M o 
0.4 109 28.87 + 0.16 1.70 + 0.11 
1.4 43 28.27 + 0.26 1.69 + 0.18 
2.4 27 27.50 + 0.27 1.39 + 0.19 
4.4 18 27.33 + 0.31 1.30 + 0.22 
6.4 10 27.30 + 0.36 1.14 + 0.25 


* N, number of specimens; M, mean; ¢, stand- 
ard deviation. 
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Fic. 2. Differential survival affecting the paracone and valley 


indices for M* and M, respectively (A and B). 


The diagrams rep- 


resent the variation found in the cohort at successive intervals, as 
labelled. M, mean for total sample. 


increasing age, particularly strong during 
the first interval, but continuing up to the 
last stage recorded. The trend is de- 
picted graphically in the distribution dia- 
gram, fig. 2 A. 

The result can hardly be spurious as a 
result of wear, because the greatest change 
occurs during the initial stages, in which 
even the summit of the paracone is hardly 
touched by wear at all, and still less the 
notches demarcating the base of the cusp, 
where the measurements were taken. 


This means that there was strong linear 
selection in favor of a lower paracone 
index, and hence a relatively smaller para- 
cone, than the population average. Prac- 
tically all the individuals with a paracone 
larger than the initial cohort mean died 
before 6-7 years of age, whereas the rate 
of survival is much higher in the group 
with less than medium-sized paracones 
(fig. 2 A). 

What is the cause of this intense selec- 
tion, and why does it begin so early in life? 


| | 
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SELECTION IN BEARS 


The interval 0.4—1.4 years is the time when 
M? emerges. At its beginning, only the 
fore part of the tooth protrudes. How- 
ever, the paracone is the first part of the 
tooth to emerge, and it is already in func- 
tional occlusion at this time. Thus, if a 
large paracone was actually inadaptive, 
selection might well begin at this early 
date, and continue until most of the in- 
adaptive individuals have died. 

The cause of the selection may be 
sought in the interaction of M* and M,; 
the latter occludes with the anterior part 
of the former, as shown in fig. 1. The 
paracone of M? bites between the pro- 
toconid and hypoconid of M,, and is re- 
ceived by the notch or valley between 
these cusps. Obviously the paracone 
should fit well into this receptacle, if the 
occlusion is perfect. 

This suggests at once that the paracone 
may have been, on an average, slightly too 
large to fit easily into the valley in M,. 
As a corollary, the size of this valley 
should also be affected by selection, the 
trend here being the converse. 

This was tested by an analogous 
method. The distance between the sum- 
mits of protoconid and hypoconid of M, 
was measured, and the index 100 this 
distance/total crown length of M, was 
computed (the M, valley index). 

The M, valley index could be obtained 
for the three initial age groups only, be- 
cause the tips of the cusps become obliter- 
ated by wear in older groups, and the 
length of the valley becomes indetermi- 
nate. The trend for the series 0.4~-2.4 
years is however definite (table2). There 
is a marked change in the mean value of 
the index, and the difference between the 
individuals that died at 0.4 year (mean 


TABLE 2. Mz valley index for the Odessan Ursus 
spelaeus cohort, at successive ages 


(years) N M o 
0.4 137 44.19 + 0.22 2.55 + 0.15 
1.4 36 45.00 + 0.34 2.06 + 0.24 
2.4 15 45.53 + 0.52 2.03 + 0.37 
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TABLE 3. Comparison of survival for individ- 
uals with paracone and M; valley indices below and 
above population mean. As a standard, an esti- 
mate of the actual survival in the population is 
given, based on all available material 


Survival in per cent 


Paracone M: valley 
index index 
Age in Survival 
years <M >M <M >M estimate* 
0.4 100 100 100 100 100 
1.4 48 29 17 38 61.8 
2.4 39 6 + 20 47.8 
4.4 26 4 31.1 
6.4 16 2 23.0 


* This estimate shows higher survival figures, 
because accurate measurements could not be 
taken on some of the worn teeth. The discrep- 
ancy is particularly great for M2, of which no 
specimens older than 2.4 years could be measured. 


= 43.90 + 0.26) and the survivors at 1.4 
and 2.4 years is significant (P < 0.01). 
There is also a reduction in the variation, 
suggesting centripetal selection; but the 
shift of the mean, and the asymmetry of 
the survival (fig. 2 B) reveal a strong 
linear component in selection. 


DISCUSSION 


We may now, as it seems, conclude that 
the average condition in the population 
was one of slight malocclusion between 
paracone in M? and corresponding valley 
in M.,, the latter being slightly too small 
for the perfect reception of the former. 
Individuals with a relatively small para- 
cone and/or a relatively large M, valley 
had undisturbed occlusion, and survived. 
As a result, selection acted simultaneously 
on both teeth, favoring on one hand sec- 
ond upper molars with relatively small 
paracones, on the other hand second lower 
molars with a relatively wide notch be- 
tween the external cusps. ‘ 

In view of the seeming triviality of these 
characters, the great strength of this se- 
lection, and the early age at which it be- 
gan, appear rather astonishing. Darwin- 
ian selection began immediately when the 
teeth entered into function, and weeded 
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out most inadaptive variants in a few 
years. The longevity of a cave bear tooth 
cusps was not great; in a few years it 
wore down and the occluding surfaces 
were moulded against each other. The 
work of selection, however, was finished 
before that ; the great harvest of mass mor- 
tality in early life was intensely selective, 
and acted precisely on the cusp pattern of 
the teeth. Note also that the effect of 
this kind of selection on reproduction and 
hence evolution must be intense, pro- 
vided that suitable genetic variation is at 
hand, because the main part of the dif- 
ferential mortality occurred before sexual 
maturity (3-4 years). Table 3 indicates, 
for instance, that the survival to sexual 
maturity for individuals with paracone in- 
dex lower than the population mean was 
more than six times higher than the sur- 
vival of those with an index above the 
mean. A great majority of the individuals 
in the breeding population would there- 
fore have consisted of individuals with 
relatively small paracones in M’*. This 
gives an insight into the causes of the 
evolutionary plasticity and intraspecific 
stability of mammalian dental patterns, 
qualities which obviously arise from potent 
and subtle selective control. 

What, then, was the effect of Darwinian 
selection in the present instance? The 
remains from Odessa represent hundreds, 
probably thousands of individuals. The 
period of deposition must have been on 
the order of many thousand years. If 
suitable genetic variation existed in this 
population, it seems that the intense selec- 
tion would inevitably have taken rapid 
effect. A shift to a new genotype, pro- 
ducing harmoniously occluding teeth as a 
population average, would have been ex- 


pected in a few generations. It is clear 
that this did not happen, for then most 
of the teeth would have been sampled 
from a well-adapted population, and the 
skewed survival of the earliest genera- 
tions would have been quite over-shad- 
owed by normal survival in hundreds of 
later generations. 

It seems most likely that suitable ge- 
netic variation was not available in this 
population, and it is thus probable that 
these characters were not controlled by 
polygenes. Similarly, a series of allom- 
etry studies (Kurtén, 1954 a, b, 1955 a, 
and unpublished ) suggest that intradental 
allometries are not always and perhaps 
not even usually governed by polygenes. 
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INTRODUCTION 


The title of this paper is slightly modi- 
fied from that of an article I encountered 
some years ago, which appeared to be ap- 
proaching the problem of the relationships 
of the Lagomorpha, or rabbits and their 
relatives, from the most basic point of 
view. This paper, entitled “Gibt es 
Leporiden?’, seemed to be questioning 
the very existence of such animals. I[n- 
vestigation showed, however, that the 
question involved was not whether mem- 
bers of the family Leporidae existed, but 
whether rabbit-hare hybrids did (E.B.C., 
1908). Since then, I have met no one who 
questions the existence of rabbits and 
hares, and I have been reluctantly forced 
to accept them. Furthermore, there seems 
to be no question but that they are mam- 
mals. But just where, among the mam- 
mals, they belong is still unsettled. 

Unfortunately, there is no good popu- 
lar name for the order, ‘‘rabbit’’ being also 
used for those genera of leporids that are 
not hares. Perhaps “bunny” is the best 
vernacular name for the lagomorphs, for 
which it is already used at times. 

This group of animals are currently re- 
ferred to an order, the Lagomorpha, con- 
taining only two living families, the Le- 
poridae or rabbits and hares, and the 
Ochotonidae or pikas. The lagomorphs 
are a rather distinctive group, and there 
rarely seems to be any question as to 
whether any given animal is or is not a 
lagomorph. 

Both families have been traced back 
to the Oligocene, and both seem to have 
had a basic Holarctic distribution then 
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as well as now. At that time they were, 
naturally, closer to each other than they 
are at present, but they were still distinct, 
and there are only one or two genera 
where there have been disagreements as 
to familial allocation (compare Burke, 
1936, p. 152 and Wood, 1940, pp. 345-348 
with Bohlin, 1942, pp. 40-70). 

In the upper Eocene, the genus M yto- 
nolagus is known from North America, 
and Shamolagus and Gobtolagus from 
Mongolia. Here there is more question 
as to familial allocation, but, for present 
purposes, their precise allocation is im- 
material. Earlier than upper Eocene, no 
fossil representative of either family is 
known. 

A number of specimens are known from 
the upper Paleocene of Mongolia, belong- 
ing to the genus Eurymylus, for which 
Matthew, Granger and Simpson (1929, p. 
5) established the family Eurymylidae. 
Eurymylus shows some leporid and some 
ochotonid characters, as well as a number 
of features of its own, such as the ab- 
sence of P*, which rule it out from an- 
cestry to the later members of the order. 
Although the material is very fragmentary, 
there seems to be no question but that it 
represents a lagomorph (for a review of 
this question, see Wood, 1942). Un- 
fortunately, all the known material is so 
broken that it cannot be determined how 
many upper incisors were present (i.e., 
the statement by Colbert, 1955, p. 301, is 
presumably a misprint for “second upper 
premolar” ). 

Bohlin has recently (1951) described a 
genus, Mimolagus, from beds of unknown 
age in Kansu. This seems surely to be a 
eurymylid, but differs from the type ge- 
nus, among other respects, in possessing 
P*, The snout is preserved, and there 
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were apparently alveoli for a second pair 
of incisors behind the principal pair. 
Unfortunately, while some specimens of 
Eurymylus have little-worn lower cheek 
teeth, all the upper teeth of both genera 
are so badly worn that very little can be 
told of their basic tooth pattern, beyond 
the fact that they are not fundamentally 
dissimilar to the lower Oligocene forms. 
Before considering the possible relation- 
ships of the Lagomorpha, it would be well 
to determine just what their basic char- 
acters may be. A set of diagnostic cri- 
teria might be as follows: gnawing mam- 
mals, with ever-growing incisors but weak 
masseter and temporal muscles, the former 
not readily subdivisible; jaw movements 
vertical or transverse, with the glenoid 
fossa short anteroposteriorly; dental 
formula 12/1 C0/0 P2-3/2 M 2-3/2-3; 
upper tooth rows farther apart than low- 
ers; lower teeth in plane of ascending ra- 
mus ; unilateral hypsodonty of upper teeth, 
with very low-crowned buccal sides which 
become reduced out of existence early in 
lagomorph evolution; upper cheek teeth 
made up of cusps of very uncertain ho- 
mologies, which have not been demon- 
strated to be tritubercular in origin; a 
third pair of incisors present, which is 
ephemeral, being quickly replaced by the 
permanent incisors ; upper incisors in pre- 
maxilla only; lower incisors of variable 
length, ending below P, in leporids, be- 
low P, in ochotonids, and below M, in 
Eurymylus; microscopic structure of 
enamel of incisors with only one layer of 
enamel instead of two as in rodents; sides 
of maxillae on snout fenestrate—highly 
so in leporids, with one large fenestra in 
ochotonids, and with merely incipient 
fenestration in Eurymylus; elongate in- 
cisive foramina, whose rear end lies be- 
tween the cheek tooth rows; short palate, 
extending in the midline only as far as 
P* or M’; well developed supra-orbital 
processes; no entotympanic, bulla being 
formed from the ectotympanic alone ; rami 
solidly united, with no possible movement 
at the symphysis; no epicondylar foramen 
on humerus; tibia and fibula fused in all 
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cases where they are known (i.e., since 
the Oligocene); fibula articulates with 
calcaneum; caecum possessing a spiral 
valve; no os penis; and scrotum pre- 
penial. 


PREVIOUSLY SUGGESTED RELATIONSHIPS 
OF LAGOMORPHS 


The original students of classification 
included the lagomorphs among the ro- 
dents. The first recognition of their sepa- 
rateness was by Illiger, who separated 
them as one of eight families of rodents, 
to which he gave the name Dupliciden- 
tata.? This group was raised to subordinal 
level by Waterhouse (1842). The divi- 
sion of the rodents into four suborders— 
Lagomorpha, Sciuromorpha, Myomorpha 
and Hystricomorpha—dates from Brandt 
(1855). Subsequent authors tended to 
divide rodents into Duplicidentata, the 
Lagomorpha; and Simplicidentata, the 
Sciuromorpha, Myomorpha and Hystrico- 
morpha, based on the distinctions in- 
cluded in the list of lagomorph characters 
just cited, but epitomized by the presence 
of two upper incisors. 

Tullberg, in his monumental review of 
the rodents, obviously was impressed by 
the differences between the Duplicidentata 
and Simplicidentata (1899, pp. 336-338), 
but finally decided to leave them together 
largely because of embryological resem- 
blances (p. 337). He pointed out, how- 
ever, that their anatomical similarities, 
other than that they both were gnawers, 
were not very striking. He noted that 
there are other groups of mammals, in- 
cluding Typotheres, Chiromys and Phas- 
colomys, which are more rodent-like in 
their incisors than are the Lagomorphs. 
He did not feel that there were any very 
striking similarities between Dupliciden- 
tates and Simplicidentates in cheek tooth 
pattern, and that the differences in their 
methods of chewing are so great that they 
must have had distinct origins. He then 
concluded that the embryological similari- 

2 This paragraph is based extensively on 


Simpson, 1945, p. 196. References to the works 
here cited may be found in his bibliography. 
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ties between the two groups are so strik- 
ing, however, that they must be closely 
associated, especially since neither has 
any other group to which it could be con- 
sidered related. Finally (p. 338) he 
stated that the fact that, in his opinion, 
both Duplicidentates and Simplicidentates 
were descended from a common ancestor, 
should not be interpreted as implying that 
this common ancestor was a gnawer, but 
that the gnawing ability was developed by 
both groups independently. In modern 
terminology, Tullberg would certainly 
have considered the two groups to be 
distinct orders, independently derived 
from, perhaps, the insectivores. 

The first formal separation of the lago- 
morphs from the rodents was made by 
Gidley (1912). This was based on the 
dental formula, particularly the incisors; 
palate; glenoid fossa; structure of the 
caecum ; antero-posterior motion of elbow- 
joint ; fusion of tibia and fibula; and fibu- 
lar-calcaneal articulation. Gidley then 
suggested (p. 286) that both Lagomorpha 
and Rodents were very ancient orders, 
with no particular relationships to each 
other, and, further, that there are a num- 
ber of similarities between the Lago- 
morpha and the Artiodactyla. Some of 
these last similarities, as Gidley indicated, 
had previously been commented on by 
Cope (1884, p. 813). 

Gradually, Gidley’s point of view of the 
ordinal independence of the Lagomorpha 
has been more and more widely adopted. 
In addition to the features cited by Gidley, 
there are a number of other striking dif- 
ferences, including the strength and dif- 
ferentiation of the masseter; the enamel 
structure of the incisors (Korvenkontio, 
1934); and the peculiar pattern of the 
lagomorph cheek teeth. The earlier ro- 
dents actually have fewer characters in 
common with the lagomorphs than do the 
later ones, the only features that unite 
them being the gnawing incisors and the 
fact that both are otherwise fairly primi- 
tive mammals. This last item covers such 
features as the generally primitive nature 
of the brain, the presence of a uterus du- 
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plex in both, and the presence of a small | 
allanto-chorion in both. The rodents and 
lagomorphs agree with the primates in 
the presence of a discoidal deciduate pla- 
centa, which is surely parallelism in the 
latter case. Many authors since Tullberg 
have felt that the embryologic and repro- 
ductive characters are indicative of re- 
lationships, but Hartman (1925) con- 
siders that the embryologic structures 
strongly supported Gidley’s separation of 
the Lagomorpha as a distinct order. 

Simpson (1945), while accepting the 
ordinal distinction, still left the two orders 
together in a Cohort Glires, which he felt 
was “permitted by our ignorance rather 
than sustained by our knowledge” (op. cit. 
p. 196). In this he has been followed by 
various later authors. 

All of the features given above as char- 
acters of the Lagomorpha are distinctions 
from the rodents. Of these, perhaps the 
most striking is the difference in tooth 
pattern, there being no present basis even 
of working out probable homologies be- 
tween the different parts of the teeth in 
the two orders. There does not seem to 
me to be any valid basis remaining at the 
present time for considering that the ro- 
dents and lagomorphs have a common an- 
cestral basis, short of something which 
would unquestionably be an insectivore. 
The two lines are independent back to the 
Paleocene, with no suggestion of greater 
affinity then than now. The similarities 
are of two types—those determined by the 
fact that both are gnawers, and those that 
merely indicate that both are rather primi- 
tive mammals. It should again be stressed 
that Hartman (1925) considers that the 
embryologic simliarities between the two 
orders have been greatly overemphasized, 
and that the embryologic patterns of the 
two orders are actually so different that 
they can be considered as supporting the 
separation of the Lagomorpha as a dis- 
tinct order. Serological studies of rela- 
tionships of the lagomorphs to other or- 
ders have not generally been made, since 
most such studies use the rabbit as a 
source of sera for making the tests, but 
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Moody, Cochran and Drugg (1949) have 
pointed out that there is no serological 
evidence that lagomorphs are more closely 
related to any of several rodents than to 
cow, man or raccoon. 

If the rodents. should be eliminated as 
close relatives of the lagomorphs, where 
can we look for their origins and closest 
relatives? The situation is unchanged 
from Tullberg’s day—there are still no 
other groups showing close relationships 
to either order. There have been a num- 
ber of suggestions as to specific non-ro- 
dent ordinal relatives of the Lagomorpha, 
but each such suggestion raises as many 
difficulties as it eliminates. 

A rather surprising group—the Meso- 
zoic order of the Triconodonts—has been 
suggested by Gidley (1906) and Ehik 
(1926) as related to the lagomorphs, 
though with quite different emphasis, 
Gidley illustrated diagrammatically (1906, 
fig. 12, p. 99) the derivation of the teeth 
of the Oligocene Palaeolagus from those 
of Triconodon, through a hypothetical in- 
termediary. He did not discuss this sug- 
gested derivation in any way. How- 
ever, his diagram indicated that he in- 
terpreted the pattern of both upper and 
lower molars of Palaeolagus as being 
three cusps in an antero-posterior row, 
an assumption for which there is rather 
clearly no justification at present (see 
Wood, 1940, various figures, including 
figs. 71, 73, 77, 80, 81, 82, 85 and 86). 

Ehik’s view was that, in the origin of 
the lagomorphs, “where the process of 
trituration consists in a transverse move- 
ment of the mandibles, the three main 
cusps of the triconodont type are not dis- 
posed longitudinally, but transversely” 
(1926, p. 182). He does not indicate 
clearly whether he considers that this 
represents a rotation of ninety degrees of 
the triconodont teeth, or whether he is 
postulating a hitherto unknown group of 
triconodonts. This description fits the up- 
per premolars of early lagomorphs (for 
Titanomys, see Ehik; for Palaeolagus, 
see Wood, 1940) better than any other 
description that I have encountered, but 
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it is hard to make this type of a history 
for the upper teeth accord with the rather 
typical tuberculo-sectorial lower teeth of 
lagomorphs. Moreover, while it is per- 
haps possible that the ancestor of the 
Lagomorpha had teeth made of three cusps 
arranged in a transverse row, there does 
not seem to be any valid basis for referring 
such hypothetical ancestors to the Tri- 
conodonta. 

The marsupials have not recently been 
suggested as the ancestors of the lago- 
morphs, Schlosser (1884, p. 131) being 
one of the last to have supported this 
point of view. Gregory (1910, p. 325) 
points out the presence of a veriebrarterial 
foramen in the 7th cervical vertebra of 
lagomorphs as a marsupial feature, to 
which could be added the short palate. 
Matthew, however, (1937, p. 135) shows 
that some other mammals, notably Oryc- 
teropus, also have perforate seventh cer- 
vicals. Petrides (1950, p. 99) states that 
only the lagomorphs among the placentals 
agree with the marsupials in that the scro- 
tum is in front of the penis, rather than 
behind it. The deposition of albumen 
around the ovum in the fallopian tube is a 
marsupial character (Hartman, 1925). 

Since the lagomorphs are generally ac- 
cepted as being eutherian mammals, they 
are presumably ultimately derived from 
the insectivores. There does not seem to 
be any indication that these last gave rise 
directly to the lagomorvhs. Unquestion- 
ably, however, the early insectivores did 
give rise, directly, to a number of gliri- 
form groups, so that the possibility re- 
mains that the lagomorphs are one sucl 
group. The basic tooth pattern of the 
Lagomorpha, as discussed below, makes 
this source rather improbable. On the 
other hand, it seems very probable that 
the rodents were derived, through the 
Paleocene-Eocene stock of the Paramyi- 
dae, more or less directly from the in- 
sectivores. 

The only suggestion of primate rela- 
tionships for the lagomorphs was the ques- 
tioned reference of the upper teeth of 
Eurymylus to the Plesiadapidae by Mat- 
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thew and Granger (1925, p. 7). How- 
ever, the same authors referred the lower 
teeth to the Order Glires, which they used 
as including both rodents and lagomorphs. 
Later, Matthew, Granger and Simpson 
(1929, pp. 5-7) associated the upper and 
lower teeth, assigned both to Eurymylus, 
and referred them all to the Glires. Like 
the insectivores, the primates have given 
rise to several gliriform groups, but the 
lagomorphs do not seem to have been one 
of them. 

There have been a number of attempts 
to establish relationships between the 
lagomorphs and the artiodactyls. Cope’s 
(1883) and Gidley’s (1912) comparisons 
have already been mentioned. Hurzeler 
(1936) pointed out similarities between 
the Lagomorpha and Cainotherium, from 
the Oligocene and Miocene of Europe. 
These resemblances include the general 
size and appearance of the skeleton, the 
method of chewing by transverse motion 
of the jaws, the type of locomotion as in- 
dicated by limb structure and limb ratios, 
and the fibular-calcaneal articulation typi- 
cal of artiodactyls. Since, however, both 
artiodactyls and lagomorphs are known 
as early as the upper Paleocene, there ob- 
viously can be no special relationships be- 
tween mid-Tertiary members of the two 
groups. The most that could be expected 
is that parallel evolution in the two orders 
might suggest basic relationships. Ser- 
ology gives additional support to the pos- 
sibility of artiodactyl-lagomorph relation- 
ships, Moody, Cochran and Drugg (1949) 
pointing out that, while the serological 
relationships of lagomorphs and _artio- 
dactyls were not close, they appeared to be 
closer than those of lagomorphs and ro- 
dents. Not enough data are available for 
conclusive demonstration of any special 
lagomorph-artiodactyl relationship, but 
the possibility must certainly be borne in 
mind. 

The resemblances between the lago- 
morphs and the uintatheres and ambly- 
pods are at first glance not very obvious. 
It was not until after I had developed the 
feeling that there were notable similarities 
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in tooth pattern between the two groups 
that I learned that J. J. Burke had previ- 
ously developed the same idea. In both 
groups, the lower teeth are obviously tu- 
berculo-sectorial, and the upper teeth are 
peculiar, to say the least. In the lower 
teeth, the pattern found in Uintatherium 
(Romer, 1945, fig. 293E) shows trigonid 
and talonid each formed of a lobe, and on 
some teeth at least, a third lobe behind 
the talonid, as in Palaeolagus. These re- 
semblances are not very close, and at most 
give a faint suggestion of relationship. 

In the upper teeth, however, there are 
rather striking similarities between molars 
of Coryphodon and premolars of Palaeo- 
lagus (fig. 1), as pointed out by Wood 
(1940, p. 358). In both, there is an an- 
terior marginal crest, which runs into a 
lingual cusp that seems to be the proto- 
cone. In both, there is a V-shaped crest 
forming the postero-buccal part of the 
tooth, which seems to be made up of the 
paracone, near the middle of the buccal 
margin of the crown, and the metacone, 
near the middle of the posterior margin 
of the tooth. In both, a crest runs from 
the metacone to the postero-external cor- 
ner of the tooth, completing the V. If 
the analogy of the premolars can be used 
to interpret the origin of the lagomorph 
molar pattern, this must be what has oc- 
curred here, as well. Perhaps the chief 
difference between Coryphodon molars 
and Palaeolagus premolars (and, perhaps, 
molars) in the presence of only a single 
lingual cusp (protocone) in the former, 
whereas the latter also has a hypocone. 
Since these two cusps in the premolars 
of Oligocene lagomorphs are very recent 
developments, and surely not homologous 
to the cusps usually given these names, it 
is not clear how much weight should be 
given to this difference. There does, 
however, seem to be a rather striking 
similarity in the tooth pattern of these 
forms, suggesting parallelism in_ their 
mode of development. It seems unlikely 
“that these resemblances between the 


lagomorphs and the coryphodonts are in- 
dications of close relationship, but it does 
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Fic. 1. Comparisons of upper teeth of various mammals, with anterior 
ends to left. Not to scale. A. Coryphodon, upper molar after Simpson, 
1929, figure 5 a. B. Ectoconus, upper premolars (P**) and molars (M**), 
after Matthew, 1937, figure 27. C. Palaeolagus, first upper molar, after 
Wood, 1940, figure 81, reversed. D. Palaeolagus, fourth upper premolar, 
after Wood, 1940, figure 114. 


A—External cingulum and its derivatives; B—Amphicone and its deriva- 
tives (Paracone and Metacone) ; C—Protocone and its derivatives; Ant— 
anteroloph; Hy—hypocone; Me—Metacone; Ml—metaconule; Ms—Meso- 
style; Mts—Metastyle; Pa—Paracone; Pc—Posterior cingulum ; Pl—Proto- 


conule; Pr—Protocone; Ps—Parastyle; Pts—Protostyle. 1—So-called hy- 


pocone ; 2—So-called protocone. 


seem possible that this might be an indi- 
cation, in a general way, of the primary 
mammalian group to which the lago- 
morphs may belong, since it is well known 
that parallelism is much more common 


and perfect among related than unrelated 
forms” (Wood, 1940, p. 358). 


CONDYLARTH ORIGIN OF LAGOMORPHS 


The fact that there are similarities be- 
tween the lagomorphs and artiodactyls 
and between the lagomorphs and panto- 
donts and Dinocerata suggests the possi- 
bility that all these forms are broadly re- 
lated, and that the origin of the lago- 
morphs is to be sought within the great 
ungulate stock, more specifically, among 
the Condylarthra. As pointed out by 
Simpson (1945, p. 234), the Condylarthra 


include three rather distinct groups, the 
hyopsodonts, phenacodonts and _ peripty- 
chids, the latter being perhaps most 
closely related to the pantodonts. Be- 
cause of the suggested similarity of the 
lagomorphs and pantodonts, initial com- 
parisons were made between lagomorphs 
and periptychids. 

A periptychid such as the lower Paleo- 
cene Ectoconus (Matthew, 1937, pp. 128- 
144; figs. 27-29 and pls. 23-32) possesses 
a basic tooth pattern which is reminiscent 
of that of Palaeolagus. The lower molars 
are clearly tuberculo-sectorial and, upon 
wear, develop two distinct lobes, i.e., the 
trigonid and talonid. While they are very 
obviously different from those of the lago- 
morphs, there would be no great difficulty 
in deriving the lower molars of Eury- 
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mylus or Palaeolagus from those of Ecto- 
conus. The lower premolars of Ectoco- 
nus are definitely non-molariform, and 
would have a long way to go to be trans- 
formed into those of lagomorphs, but 
there is a considerable time between the 
Puerco and the Gashato, and the Ectoco- 
nus premolars are not specialized beyond 
what could yield a lagomorph. The upper 
teeth of Ectoconus, however, have a num- 
ber of striking similarities to those of 
Palaeolagus (the upper teeth of Eury- 
mylus are too badly worn to permit useful 
comparison). The molars of Ectoconus 
have large paracones and metacones, 
placed somewhat lingually and separated 
from the outer margin of the teeth by 
large buccal cusps (fig. 1 b). The para- 
cone and metacone are united into a diag- 
onal ectoloph, the metacone being sepa- 
rated from the metastyle of M*~* by a deep 
basin. The protocone is a fairly large 
cusp, extending via the protoconule to the 
anterior margin of the tooth, and via the 
metaconule to the middle of the posterior 
margin of the tooth. This, on wear, pro- 
duces a diagonal dentine area, quite sug- 
gestive of the antero-internal portion of 
Palaeolagus.molars (fig. 1 c). The two 
lingual styles are in a position where their 
accentuation would give a pattern that 
suggested the splitting off of the hypocone 
from the protocone, as in Palaeolagus, 
without actually being such cusps. That 
such a background is a true picture of the 
origin of this part of the tooth in Palaeo- 
lagus is suggested by the unworn M* of 
P. temnodon (Wood, 1940, fig. 81), dia- 
grammatically reproduced as figure 1 c. 
In this tooth, as Bohlin (1942, p. 33) 
points out, the lingual half of the tooth 
could be considered to represent a proto- 
cone, with slight swellings on its arms 
representing the protoconule and meta- 
conule, with the apex of the protocone at 
the end of the internal fold, and with an- 
terior and posterior cingula elevated on 
either side. As he also points out, the 
posterior cingular cusp would then be a 
hypocone and the anterior one would not 
be the protocone, so that the antero-inter- 
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nal buttress of the lagomorph upper molar 
would have to be a protostyle. This being 
the case, the only major difference in ter- 
minology between Bohlin and Wood in 
lagomorph upper molars is as to the posi- 
tion of the paracone, the cusp that Bohlin 
considers to be the paracone apparently 
not being present in American Oligocene 
forms. We are, however, in agreement 
as to the approximate location of the para- 
cone. This interpretation of cusp homol- 
ogies is indicated on figure 1 c. 

The upper premolars of Ectoconus (fig. 
1 b) have a large amphicone on the buccal 
half of the tooth; a large protocone on the 
lingual half; and anterior, posterior and 
external cingula. The protoconule and 
metaconule are developing from these cin- 
gula on P*-*, and lingual styles are begin- 
ning to arise on the posterior premolars, 
in the same position as in the molars. 
That is, these premolars are becoming 
molariform, in apparently the same way 
that the molars previously did. This is 
quite different from what is found in lago- 
morphs. However, the pattern of P? is 
not very far from what Wood (1940, p. 
353 and fig. 114) indicated as a starting 
point for the upper premolars of Oligo- 
cene lagomorphs, a tooth with one buccal 
and one lingual cusp, connected by an 
elevated posterior cingulum, and with a 
small buccal cingulum. The sequence of 
development of the lagomorph upper pre- 
molars seems to be as given by Wood 
(op. cit., fig. 114), which is very different 
from that followed by the molars, al- 
though ultimately resulting in teeth super- 
ficially identical to the molars. 

This raises the question of terminology 
for the parts of the lagomorph premolars. 
Bohlin (1942, p. 34°35) points out that 
“To be homologous, the cusps (of the pre- 
molars) must at least have originated 
from homologous primitive tooth ele- 
ments. As far as I can see there are, 
however, certain indications that the pre- 
molars have developed in a way of their 
own from a simple pattern, after the mo- 
lars were already far advanced.” Subse- 
quently (p. 37) he concludes that the cor- 
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responding structures of the molars and 
premolars cannot be homologous. With 
this point of view, I find myself in com- 
plete agreement. It is therefore necessary 
to use a different terminology for the 
cusps of lagomorph molars and premolars, 
or to use the same terminology with dif- 
ferent meanings. Neither of these alter- 
natives is satisfactory, but the second is 
completely unjustifiable, and I have there- 
fore adopted the premolar terminology in- 
dicated by figure 1 d. 

The anterior teeth of Ectoconus are 
very different from those of the lago- 
morphs, with three well-developed inci- 
sors of uniform size and a larger canine. 
There is no suggestion, then, of lago- 
morph tendencies in the anterior teeth. 

Comparison of the skeletons of Ecto- 
conus and lagomorphs reveal a number of 
interesting similarities. The tibia and fib- 
ula are distinct, as would be expected in 
a Puercan form, but there is a distinct 
fibular-calcaneal facet. The transverse 
processes of the lumbar vertebrae are 
large, suggesting lagomorphs. In _ the 
only known skeleton of Ectoconus, the 
seventh cervical is perforated by the ver- 
tebrarterial foramen on one side but not 
on the other. 

That is, here in the periptychid Ecto- 
conus, we have an animal that seems to 
have essentially as close a similarity to the 
basic lagomorph pattern as could be ex- 
pected in a non-gnawing animal. Obvi- 
ously, Ectoconus was not a lagomorph, 
and was a long way from being one. It 
seems equally obvious, however, that this 
would be true of any non-gliriform ances- 
tor of the lagomorphs. The time lapse 
from Puerco to Gashato is such as to 
have permitted considerable evolutionary 
change. Moreover, the known eurymylid 
material does not tell us much about the 
details of upper tooth pattern or the foot 
structure. By the time these features are 


known, it is Oligocene, long after the 
period when Ectoconus was living. The 
pattern of the upper premolars of Ecto- 
conus is such that it seems certain that it 
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is much too advanced to have given rise 
to the lagomorphs. 

However, it seems a reasonable hypoth- 
esis that the ancestral stock of the lago- 
morphs were condylarths, possibly peri- 
ptychids, and that the lagomorphs sepa- 
rated from their condylarth ancestry not 
long prior to the early Paleocene. If this 
hypothesis is correct, the similarities be- 
tween lagomorphs and artiodactyls or 
lagomorphs and pantodonts would be 
merely the expression of the fact that they 
all had a condylarth ancestry. <A con- 
dylarth ancestry would also explain the 
absence of post-Paleocene forms that 
could be considered to be related to the 
lagomorphs, stnce, by the time the Eocene 
lagomorphs appear, the Condylarthra 
were either extinct or had evolved into 
other orders. The essentially complete 
absence of Paleocene fossils from most of 
the world could readily account for our 
lack of knowledge of the stages interme- 
diate between condylarths and _lago- 
morphs, without requiring assumptions of 
unusually rapid evolution. 


SUMMARY 


The following points seem reasonable 
interpretations of the available data: 


(1) There is no special relationship 
between the rodents and the lago- 
morphs, the resemblances between 
them involving either primitive 
placental characteristics or ones 
related to the development of the 
gnawing type of dentition. 

The Lagomorpha are _ placental 
mammals and, as such, are ulti- 
mately derivable from the insec- 
tivores. The tuberculo-sectorial 
lower teeth support such a rela- 
tionship, as do all the other fea- 
tures of the soft anatomy that in- 
dicate that the lagomorphs are 
placentals. There is, however, no 
evidence for direct derivation from 
insectivores, an origin which 
would appear probable for the 
rodents. 
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(3) There are a number of similarities 
between the lagomorphs and vari- 
ous ungulates. These are suffi- 
ciently numerous to suggest that 
the source of the lagomorphs is to 
be found in some unknown Paleo- 
cene or Cretaceous member of the 
group. The most likely source 
seems to be in the Condylarthra, 
perhaps from somewhere near the 
periptychids. Although the tooth 
pattern of the lower Paleocene 
Ectoconus shows many lagomorph 
similarities, it is already too ad- 
vanced to have given rise to the 
lagomorphs. 
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In spite of the fact that fertility and via- 
bility are to a high degree independently 
determined, they will be considered to- 
gether in the present report. This proce- 
dure is believed to be justified because, as 
has been abundantly shown by a wealth of 
empirical data from many groups of ani- 
mals and plants, both phenomena are 
measures of evolutionary progress with 
respect to ancestral affinities and repro- 
ductive isolation. In a general way fer- 
tility and viability have been found to de- 
crease in interspecific hybridization as the 
parental forms are progressively more re- 
motely related. Many other measures can 
be used for such an assay; some of which, 
including genetical and cytogenetical char- 
acteristics, have already been reported 
(Danforth and Sandnes, 1939; Danforth, 
1950; Sandnes, 1954), while additional 
information including sex-ratios and the 
genetical and physiological basis of steril- 
ity and intersexuality, will form the sub- 
ject of future contributions. 

Some clarification may be desirable in 
regard to the use of the term “sterility.” 
In this series of birds the most pro- 
nounced examples of sterility are those 
dependent on apparently complete absence 
of any germinal epithelium. Equally ster- 
ile from a functional point of view, but 
with a slight advance in the direction of 
fertility, are other specimens in which the 
germinal epithelium does contain, at least 
during the embryonic ages, recognizable 
germ cells which do not develop further. 
Still less pronounced cases of sterility 
show well-developed gonads which appar- 
ently never produced any mature germ 
cells or only germ cells which proved to 
be non-functional. Even individuals with 
seemingly normal gonads and germ-cell 
production may give rise to no zygotes at 
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all, to zygotes which fail to develop, or to 
embryos and young which die prema- 
turely. The final stages are represented 
by those seemingly normal individuals 
which present a graded series from what 
amounts to complete sterility to a high 
degree of fertility. Thus, fertility may be 
regarded as the converse of sterility, but 
it is measurable over only a segment of 
the sterility scale. The fertility in both 
sexes is here expressed as percentage of 
fertile eggs produced. The highest de- 
gree of reproductive compatibility (con- 
verse of reproductive isolation, Dobzhan- 
sky, 1941) is represented by the produc- 
tion of viable hybrids which in turn are 
fully fertile. 

While the present report deals more 
specifically with fertility data as such it 
may nevertheless be appropriate to men- 
tion briefly the degree of sterility encoun- 
tered in the hybrids from some of the 
crosses. Ina later contribution it will be 
shown that meiosis in Phasianus-Gallus 
hybrids rarely proceeds beyond the stage 
of chromosome pairing in the males, and 
never beyond that stage in females. 
Gonad development is also extremely re- 
tarded in other respects, especially in fe- 
males where some actual regression oc- 
curs, and general hormone secretion is 
lacking or extremely slight as evidenced 
by the status of accessory and secondary 
sex traits. A few individuals showed evi- 
dence of sex inversion. Similarly, fe- 
males from the F, and the first backcross, 
as well as some from other crosses involv- 
ing Phasianus and Chrysolophus, show 
marked sterility and _ intersexuality. 
Strong evidence for sex reversal in some 
hybrids derived from these genera will be 
adduced. 

Viability is measured in terms of dura- 
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PHEASANT HYBRIDS 


tion of survival. Hatchability, the capac- 
ity of a fertile egg to actually produce a 
living chick, will be discussed first, fol- 
lowed by a study of the age distribution 
in embryonic mortality. 

Most publications on the fertility and 
hatchability of intergeneric avian hybrids 
fail to give any estimations of statistical 
significance of data presented. In the 
present work statistical treatment has 
been restricted to chi-square applications 
for goodness of fit. In the case of fertility 
and hatchability percentages, an arbitrary 
standard has been chosen in each case for 
comparison. The percentage chosen is 
the lowest possible which would give a 
value of P less than 0.01. For conve- 
nience the nearest percentage which meets 
these requirements is selected from the 
following series: 0, 5, 10, 15... 100 
per cent. 

Wherever possible the author has tried 
to keep in mind the ultimate purpose of 
the work, namely an appraisal of the 
phylogenetic affinities of the parental 
forms. In keeping with this aim there 
has been included, as preliminary to pres- 
ent and future considerations, a brief gen- 
eral account of the parental genera and 
species, but a detailed description of the 
external characteristics will be deferred 
to a later paper. 


THE PARENTAL ForMS 


The original forms from which the hy- 
brids were derived are members of the 
subfamily Phasianinae, a major subdivi- 
sion of the family Phasianidae. Beebe 
(1926) has characterized this subfamily 
as “pheasant-like,” and separates it from 
other phasianid subfamilies by a tail-moult 
which is centripetal. Delacour, the lead- 
ing authority on these forms, regards as 
“Pheasants” only those genera of the sub- 
family in which “the male possesses al- 
together a highly specialized ornamental 
plumage and large size.” Those Phasi- 
aninae which lack one or both of these at- 
tributes he states are named “Partridges” 
and “Quails,” the Pheasants being classi- 
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fied by him as a separate tribe, the Phasi- 
anini. 

Pheasants are distributed throughout 
vast areas of Asia, Malaysia and the 
neighboring islands, and extend somewhat 
into Europe beyond the Caucasus. A new 
species recently discovered in the Belgian 
Congo unexpectedly extends the range of 
distribution well into Africa. (As is well 
known, some species have been introduced 
into Western Europe and North Amer- 
ica.) According to the most recent clas- 
sification (Delacour, 1951), the Phasi- 
anini include 16 genera, 49 species and 
121 subspecies. The species and their 
hybrids which have provided the original 
data dealt with at this time and in forth- 
coming papers are representatives of Gal- 
lus, Phasianus, Syrmaticus and Chrysolo- 
phus. 


Genus Gallus 


The genus Gallus is represented by four 
wild species, all commonly known as 
Junglefowls. These are: 


Gallus gallus (G. ferrugineus), the Red 
Junglefowl 

Gallus lafayettet, the Ceylon Junglefowl 

Gallus sonnerati, the Sonnerat’s or 
Gray Junglefowl 

Gallus varius, the Green Junglefowl 


The three last-mentioned species are 
not subdivided into subspecies, but the 
first includes five, among which is G. g. 
bankiva discussed extensively by Darwin. 
In many respects these wild species re- 
semble the domestic form which is almost 
certainly descended from one or more of 
them. 

According to Delacour (1951), “Jungle- 
fowls inhabit in the wild state the warmer 
parts of Asia: Ceylon, India, Burma, 
Siam, Indo-China, the extreme south of 
China, Hainan and Malaysia (laeking in 
Borneo), extending to the Lesser Sunda 
Islands. They are also found in many 
other islands of the Pacific, but it is gen- 
erally considered for zoogeographical rea- 
sons that they have been introduced by 
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man, no other birds of the Pheasant group 
existing in these areas.” 

Our own Phasianus-Gallus | hybrids 
were derived from the domestic fowl. It 
is therefore of particular interest to con- 
sider the relationship of this form to the 
wild Junglefowls. Many authorities re- 
gard the Red Junglefowl as the sole an- 
cestor of the domestic fowl whereas others 
incline to the view that the latter stems 
from more than a single species. The 
former view, first proposed by Darwin, 
has been strongly supported more recently 
by such outstanding authorities as Wil- 
liam Beebe and Jean Delacour. |The lat- 
ter summarizes this view as follows: “It 
seems certain that all domestic breeds of 
poultry are descended from the Red 
Junglefowl (Gallus gallus) and that the 
other three species played no part in origi- 
nating them. None of their special char- 
acteristics, including their very peculiar 
voices, can be traced, and all the varia- 
tions in plumage, shape and size remain 
well within the possibilities of transfor- 
mation of Gallus gallus. The less special- 
ized domestic breeds such as the Red 
Game, Brown Leghorn, et cetera, repro- 
duce exactly the colors of the Red Jungle- 
fowl, and all the other colors are but pro- 
gressive changes from this early plum- 
age.” 

Interspecific hybrids between Jungle- 
fowls, as well as between Junglefowls and 
the domestic fowl, have been produced by 
various investigators in support of the 
theory of an origin from several species 
(Ghigi, 1916, 1922, 1934; Lotsy and 
Kuipper, 1922, 1923, 1924; Punnett, 
1923; Hertwig, 1936; Hutt, 1949). The 
reported fertility and viability does not 
preclude the possibility of a multiple deri- 
vation. It also seems very probable to the 
present writer that trapping and confining 
wild Junglefowl in prehistoric times was 
not restricted to any one species or region, 
that barter favored dispersal and mixing 
of stocks, that poultry was most likely 
crossed indiscriminately, and that culling 
was not intensively practiced. | 

It may well be that the genes from the 
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Red Junglefowl predominated in the orig- 
inal domestic chicken of southern Asia, 
but it is felt that genetic factors from 
other, possibly all, Junglefowl species 
were included though not necessarily 
phenotypically evident. It is believed that 
data of the kind presented here and else- 
where in our publications, will throw 
some light on the possibility that the do- 
mestic fowl could have arisen from more 
than one species. 


Genus Phasitanus 


The genus comprises the so-called true 
or game pheasants. Commonly segre- 
gated into two or three species, it extends 
over a considerably greater geographical 
range (fig. 1) than any other genus of the 
family. P. versicolor, limited to the Japa- 
nese islands (fig. 1, nos. 28 and 29), is the 
most distinct unit, widely recognized as a 
good taxonomic species. Two other spe- 
cies have at times been recognized: (a) 
colchicus, with various subspecies whose 
ranges are shown in figure 1 (nos. 1-13) ; 
and (b) torquatus, with ranges in more 
easterly Asia shown as 15-27. Recently 
Delacour has pointed out that the sub- 
species tarimensis, inhabiting the valleys 
and oases of northeastern Chinese Tur- 
kestan forms a connecting link between 
these two supposed species, both morpho- 
logically and geographically. This brings 
Delacour into accord with most other or- 
nithologists, and we may now regard col- 
chicus and torquatus as a single species 
with 27 or more taxonomically recogniz- 
able subdivisions most of whose ranges 
are shown in figure 1. All these forms 
replace one another geographically, and 
so far as known, all are capable of freely 
interbreeding to produce completely fer- 
tile hybrids. 

The feral population of Phastanus in 
the United States consists of individuals 
showing varying mixtures of characters 
of the subspecies P. c. torquatus and P. c. 
mongolicus, known respectively by the 
common names Chinese ringnecked and 
Mongolian pheasants. (The latter is cor- 
rectly termed the Kirghis pheasant.) In 
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such mixed stocks however genes of one 
or the other subspecies dominate, and the 
birds are often referred to as belonging to 
one or the other subspecies. In a strict 
sense this is obviously incorrect since they 
are at best genetic segregates. With this 
in mind the writer will refer to them 
simply as Ringneck and Mongolian 
pheasants. 

The melanistic form, P. c. mut. tene- 
brosus, was first described from European 
material by Hachisuka (1926) who cor- 
rectly interpreted it as a mutation. In the 
wild state it is said to occur in two phases, 


Distribution of the races of Phasianus colchicus. 
It may be noted that according to current interpretations Nos. 1-27 
are all included in P. colchicus. 


From Delacour, 


one much darker than the other. Simul- 
taneous and independent experiments at 
Cornell and Stanford (Bruckner, 1939; 
Danforth and Sandnes, 1939) demon- 
strated that these two phases are ex- 
plained by the homozygosity or hetero- 
zygosity of a single incompletely dominant 
gene. In the present report these two 
genotypes are referred to respectively as 
M/M and M/m mutants. 


Genus Syrmaticus 


The genus Syrmaticus as now consti- 
tuted results from a regrouping of what 


oa 
4 


Fic. 2. Distribution of the species and subspecies of Syrmaticus. From Delacour, 
1938. Nos. 1-8 are now included under Syrmaticus. 
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were originally considered three genera 
(Syrmaticus, Graphephasianus and Calo- 
phasis). Members of the genus are char- 
acterized by similar body conformation, 
excessively long tails which can be spread 
out horizontally, and a complete lack of 
fringed feathers so characteristic of the 
neck and rump of Gallus, Phasianus and 
Chrysolophus. 

The genus as it now stands in¢ludes ten 
recognizable forms, the distribution of 
eight of which is shown in figure 2, 1-8. 


Genus Chrysolophus 


The genus, consisting of only two spe- 
cies, C. pictus and C. amherstiae, is in 
many respects sharply delimited from 
other genera by a conspicuous cape. This 
consists of greatly enlarged, elongated, 
and more or less truncated feathers which 
can be spread into a disk-like form during 
courtship. The terminal and subterminal 
transverse black bars are so disposed that 
during display they form a series of con- 
centric circles. In addition to the highly 
specialized cape, both species have a crest 
and mantle which are also considerably 
specialized. 

Morphologically the two species differ 


appreciably in size, configuration, and 
skin color of the face. Whereas the gen- 
eral pattern of the back, rump and tail- 
coverts show considerable similarity, a 
critical examination of the feathers reveals 
distinctive differences in structural de- 
tails, and in actual tone. 

The ranges of the two species, as shown 
in figure 3, do not overlap. Within its 
range pictus extends to an altitude of 
4,000 feet, whereas amherstiae is found 
between 7,000 and 12,000 feet. 

A melanistic mutant, C. p. mut. obscu- 
rus, occurs not infrequently in captivity. 
Several of these were raised in connection 
with this work, but not used in the hy- 
bridization experiments. 


DESCRIPTION OF THE CROSSES 


Some earlier data have been reported 
for the Phasianus X Gallus cross (Sand- 
nes, 1937; Sandnes and Landauer, 1938; 
Danforth and Sandnes, 1939). The last 
publication also contains a description of 
the intergeneric hybrids between Phasi- 
anus and Chrysolophus. For the sake of 
completeness these data are included in 
the present account. 


Fic. 3. Distribution of the two species of Chrysolophus. 
From Delacour, 1938. 


1 
af 
HD 
; HTP 
‘ 
INDIA CHINA 
4 
. 
J 
‘ CO 
‘ 
‘SIAM \& 
‘ 


PHEASANT HYBRIDS 


Intrageneric Crosses 
P. c. mongolicus X P. c. mut. tenebrosus 


The early results of this cross have 
been fully reported in papers by ourselves 
and Bruckner (Danforth and Sandnes, 
1939; Bruckner, 1939). Our own ex- 
periments are the outcome of mating a 
Mongolian male and a mutant female with 
the production of F,, F, and backcross 
offspring. One M/m male, No. 125, the 
son of an F, male and a Mongolian fe- 
male, was mated to No. 88 (below), and 
produced the four-way hybrid, No. 154, 
which was the ancestor of our main line 
of Phastanus-Chrysolophus hybrids. 


C. pictus X C. amherstiae 


Reciprocal, F,, F., and backcross mat- 
ings involving the two species of Chryso- 
lophus were made during successive years. 
An F, female, No. 88, resulting from the 
mating of a Golden male, No. 53, to an 
Amherst female, No. 28, was _ herself 
mated to the Mongolian-mutant male, No. 
125, referred to above. 


Intergeneric Crosses 


Phasianus X Gallus 


Dr. Walter Landauer in 1936 was the 
first to use the method of artificial insemi- 
nation for producing pheasant-chick hy- 
brids. The technique had been developed 
by Burrows and Quinn (1935) for use by 
practical poultrymen. The procedure in- 
volves the artificial elicitation of an ejacu- 
latory reflex, the collection of semen, and 
its injection into the oviduct of the female. 
In my own work Chinese ring-neck hens 
were inseminated with semen from sal- 
mon-breasted white Leghorn males. The 
hybrids will be discussed in this and suc- 
ceeding papers. 

The reciprocal cross was also attempted, 
but since it was not possible to obtain 
sperm from the pheasant artificially, natu- 
ral matings were resorted to. Although 
the usual methods for insuring high fer- 
tility were employed, e.g., prolonged light, 
et cetera, only two fertile eggs were ob- 
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tained, one of which died before, the other 
immediately after hatching. 


Phasianus X Syrmaticus 


Three F, hybrids from the mating of a 
male Reeves pheasant to an heterozygous 
mutant hen (M/m—from a mutant X 
Mongolian cross) were obtained. One 
hybrid, No. 115, was a melanistic female ; 
the remaining two, Nos. 116 and 11/7, 
were light in color. The former was lost 
before maturity, the latter developed as a 
fertile male. Additional eggs laid by three 
Mongolian hens mated to a male Reeves 
pheasant were treated vith hormones. 
One of these hatched into a male hybrid, 
No. 163, which however had a cerebral 
hernia. 

From 1938 to 1944, hybrid No. 117 
was backcrossed to various Phasianus and 
Syrmaticus hens. From these matings a 
number of dead embryos, and chicks 
which died early in life, were obtained ; 
only two reached adult age. These were 
both from the backcross to Phasianus. 
One, No. 152, showed the mutant (M/m) 
pigmentation; the other, No. 181, was 
“normally” pigmented (m/m). 


Phasianus X Chrysolophus 


As indicated in the section on intra- 
generic hybrids, all of the Phasianus- 
Chrysolophus hybrids have descended 
from the mating of a Mongolian-mutant 
male, M/m, and an Amherst-golden fe- 
male. From this mating a four-way hy- 
brid male, No. 154, became the ancestor 
of the main line of Phastanus-Chrysolo- 
phus hybrids. One other male, No. 155, 
and three females, Nos. 151, 153 and 162, 
none of whom left any descendents, were 
the offspring of the same mother and 
either the same father or his full brother. 

During early generations (F, and the 
first three backcrosses) the female hybrids 
could not be used for matings because 
of sterility. In subsequent generations 


(fourth and fifth backcrosses) some fe- 
males were fertile and it was then possible 


to secure offspring which had hybrid an- 
(See table 1.) 


cestry on both sides. 


4 
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TABLE 1. 


Subsequent to Bz all Chrysolophus females used in the following matings were pure goldens. 
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Pedigrees of representative specimens 


The 
following twenty-three doubtful specimens, with Phasianus blood expressed as parts in 128, are not 
included in the table: three of 2 or 6 parts; eleven of 4 or 5 parts; eight of 9 or 10 parts; and one 
of 7 or 13 parts. 


Parents 
Phasianus Chrysolophus No. reaching 
Female Male Parts in 128 Parts in 128 3 mos. of age 
G XB; P 66 62 9 
Cc P 64 64 5 
G XB; B, X P 35 93 1 
32 96 3 
Cc CXF; 16 112 12 
G XB; C X Bi 10 118 20 
CX Bi 8 120 9 
G Bs X Bz 5 123 8 
= G X Bz 4 124 15 
G XB; C xX B, 3 125 2 
GX B, G XB; 3 125 3 
S G XB; 2 126 10 


From 1939 to 1942, hybrid No. 154 was 
mated to various Phasianus and Chryso- 
lophus hens. Only two of his male prog- 
eny reached sexual maturity. One of 
these, No. 179 (C x F,), although mated 
repeatedly to both Phasianus and Chryso- 
lophus females, failed to sire any young. 
The other, No. 169, however was fertile 
and was the male ancestor of the remain- 
ing backcross generations, B, to B, and 
of hybrids derived from these backcrosses. 
No. 169 hatched in 1939 from an egg laid 
by a hen of constitution G X A? or (A X 

1JIn all formulae the female parent is given 
first. Other conventions and symbols are ex- 
plained following the main body of the paper. 
G) x (A X G), that is, either F, or F,. 
No. 169 was mated in 1942 to a golden 
hen and a hybrid of (A X G) X G origin, 
and sired three fertile sons, Nos. 162, 197 
and 198—all of the B, generation. No. 
198, along with several individuals from 
later generations, is preserved as a speci- 
men in the Museum of Comparative Zool- 
ogy at the University of California. Sev- 
eral other specimens from this series may 
be found in the collection of the California 
Academy of Sciences. Table 1 shows all 


the types of hybrids obtained in this se- 
ries and indicates the proportion of their 
Phasianus and Chrysolophus ancestry. 


FERTILITY AND HATCHABILITY 
The two crosses of Phasianus X Gallus 


(nos. 1 and 2 in table 2) were effected by 
artificial insemination while all other 
crosses were from natural matings. Con- 
sequently all fertility values except the 
first two may be compared with each 
other. One disturbing factor is the well- 
known variation in fertility which nor- 
mally occurs as the breeding season pro- 
gresses. Some of the pertinent data from 
Phastanus X Chrysolophus crosses are 
presented in table 3. In most cases eggs 
were collected and incubated throughout 
the season. Eggs were stored in a cool 
room for periods not exceeding twelve 
days before incubation. Hens or for the 
most part electric incubators were used. 
A defect inherent in any fertility data is 
the possibility that the very earliest stages 
in development may fail to be recognized. 
All eggs which failed to hatch were 
opened and inspected. 

Hatchability is expressed as percentage 
of fertile eggs which hatch. It is clearly 
influenced by incubation conditions, which 
were kept as nearly as possible constant in 
regard to temperature, humidity and other 
requirements. Eggs from the first two 
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matings were incubated in forced-draft 
machines. In view of these possible vari- 
ables only the more marked deviations 
are discussed. 


Phasianus X Gallus 


Combining the results for crosses 1 and 
2 we have 34 per cent fertility and 39 per 
cent hatchability. The low fertility figure 
is particularly significant inasmuch as the 


TABLE 2. 


are given first. 
is given in parentheses. 
of females were used for artificial insemination. 
tion just preceding the literature cited. 


Fertility and hatchability in pheasant crosses 


This table is broken down more fully than is needed for the discussion in the text. 
Where more than one female of the same kind was mated the number of individuals 
This does not apply to the Phasianus-Gallus crosses where large numbers 
See list of abbreviations at the end of this publica- 


Quinn-Burrows’ technique of artificial in- 
semination ordinarily gives very high val- 
ues. The inventors of this technique were 
able to obtain 97 per cent fertility in mat- 
ings of domestic fowl “differing so greatly 
in body weights that in natural matings 
four per cent fertility was the maximum 
obtained.” 

A comparison of crosses 1 and 2 is of 
some special interest because of the ex- 


Female parents 


Cross Eggs Number Number Per cent Per cent 
number Cross Year set fertile hatched fertile hatched 
Phasianus X Gallus Crosses 
1 P, X Creeper 1936 187 71 > 38 18* 
2 P, X Leghorn 1937 858 284 124** 33 44** 
1 and 2 combined 1,045 355 137 34 39 
Phasianus-Syrmaticus Male (M/m X S,, No. 117) Crossed to Various Females 
3 C,, S; M/m X 117 1939 16 2 0 13 0 
4 S;, M/m X 117 1940-42 212 31 5 15 16 
5 S,, Ps X 217 1943 5 0 0 0 0 
6 S, (2), Pe & 117 1944 175 15 1 9 7 
3-6 combined 408 48 6 12 13 
Phasianus-Syrmaticus Male (M/m X 117, No. 152) Crossed to Various Females 
7 M/M &X 152 1939 21 0 0 0 0 
8 P.. (2) X 152 1940 30 0 0 0 0 
9 Pm X 152 1941 ? (all infertile) 
Phasianus-Syrmaticus Male (M/m X 117, No. 181) Crossed to Various Females 
10 S., P.. G X 181 1943 59 0 0 0 0 
11 Pm, Pe X 181 1944 56 0 0 0 0 
12 P., S X 181 1945 62 0 0 0 0 
Chrysolophus Crosses 
13 (GXA)XG 1939 32 24 9 75 38 
14 A X (GX A) 1940 18 7 2 39 29 
15 A X (A X G) 1939 61 13 1 21° 8 
16 (GX (GXA)) XG 1940 11 10 2 91 20 
17 (G X A) X (G X A) 1939 1 1 0 100 0 
13-17 combined 123 55 14 45 25 


* Includes an unknown number assisted from the shell. 


** Includes 27 embryos assisted from the shell. 
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TABLE 2.—Continued 


Cross Eggs Number Number Percent Percent 
number Cross Year set fertile hatched fertile hatched 
Phasianus X Chrysolophus Crosses 

18 C X F; (154) 1939 49 30 6 61 20 
19 C X F, (154) 1941-42 27 19 8 70 42 
18 and 19 combined 76 49 14 65 29 
20 M/m (2) X F;, (154) 1940-41 98 1 0 1 0 
21 Pm X B, (169) 1941 28 0 0 0 0 
22 G X B, (169) 1940-41 36 14 6 39 43 
23 G, C X B, (169) 1942-43 58 15 14 26 93 
22 and 23 combined 188 58 40 31 69 
24 P. X By, (179) 1943 17 0 0 0 0 
25 Bz (small eggs) & (179) 1944 20 0 0 0 0 
26 Pa X Bi (179) 1945 52 0 0 0 0 
27 G X B; (179) 1946 9 0 0 0 0 
28 S, X Bi (179) 1947 25 0 0 0 0 
29 C X Bz 1941 10 0 0 0 0 
30 G X B: 1941-47 94 65 23 69 35 
31 G X B; 1945—46 105 43 26 41 60 
32 G X B, 1946-47 48 30 20 62 67 

33 Hybrids inter se 1947-51 297 179 88 60 49*** 
34 G (3) X& (Bs X Bz) 1948 40 36 28 90 78 
35 Pm X Bz 1945 13 0 0 0 0 
36 Pw X ((Bs X Bz) X Be) 1951 11 0 0 0 0 
37 By X Pt 1949 33 28 10 85 46 
38 Pi, Pw X (Ba X Ps) 1950-51 82 0 0 0 0 
39 Bs X (Bs X Pt) 1950 44 0 0 0 0 
40 B, (2) X (Ba X Pt) 1951 35 9 5 26 56 
41 P—C (2) X& (Bs X Pt) 1950 27 0 0 0 0 
42 P—C X (Bg X P:) 1951 18 2 0 11 0 


*** Six embryos pipped the shell but did not hatch; these are included among fertile eggs, but not 


among birds hatched. 
been higher. 


pression of the creeper gene in the hy- 
brids. Landauer (see his 1948 publica- 
tion) has shown that heterozygous creep- 
ers have a higher /ate embryonic mortality 
than normal embryos. That the creeper 
gene shows the same lethality in the hy- 
brids is shown in cross 1: 18 per cent 
hatchability, as compared with 44 per cent 
for cross 2. When these figures are 
tested by the chi-square method their sig- 
nificance is indicated by a value much 
below 0.01. This is the more interesting 
because cross 1 shows a higher fertility 
than cross 2. It also emphasizes the lack 


of direct association of fertility and via- 
bility. 

Since the Leghorn is the more “nor- 
mal” of the two Gallus parental types, the 
writer has tested statistically only the fer- 


In addition, seven late embryos were killed, so that hatchability might have 


tility and hatchability data of the second 
cross for association with some arbitrarily 
assumed values. Significant P values 
were obtained when the observed fertility 
and hatchability values, 33 per cent and 
44 per cent, were checked against arbi- 
trarily assumed values of 40 and 55 per 
cent, respectively. This means that sta- 
tistically the fertility is less than 40 per 
cent and the hatchability less than 55 per 
cent. 

A number of hybrid chicks listed as 
hatched were actually helped from the 
shell. In the second cross, 27 chicks or 
about 28 per cent were thus assisted. It 
is not known whether these chicks were 
hampered by malposition or by the small 
size of the Phasianus egg. 

Yamashina (1942 and 1943) reports 
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Seasonal variation in fertility and viability of hybrids from crosses 


between Phasianus and Chrysolophus 


Data for the years 1946-1950 are here grouped according to calendar months. 


Matings for the 


most part involved third, fourth and fifth back-crosses to Chrysolophus as well as hybrids crossed 


inter se. 
were more than sixteen days of age. 


Embryos classified as having died early were less than eight days old; those listed as late 


Died as embryos 


Number —- — 

Month eggs set Fertile Early Middle Late Hatched Killed 

April 191 98 16 1 39 38 4 
(51%) (16%) (1%) (40%) (39%) (4%) 

May 249 137 19 3 19 88 8 
(55%) (14%) (2%) (14%) (64%) (6%) 

June 129 41 il 0 16 14 0 
(32%) (27%) (0%) (39%) (34%) (0%) 

July 19 7 1 0 3 2 1 
(37%) (14%) (0%) (43%) (29%) (14%) 

588 283 47 3 77 142 13 
Totals (48%) (17%) (1%) (27%) (50%) (5%) 

data on the Phasianus X Gallus cross. and Silver Cornish females, and the male 


Natural matings were used throughout. 
Data given on pages 236 and 237 of his 
1942 publication indicate a fertility of 23 
per cent for 197 eggs set in the cross 
of Phasianus female by Gallus male. 
(Tested by the writer against a standard 
of 35 per cent, P is less than 0.01.) 
Figures given in the 1943 paper show a 
fertility of 28 per cent for 164 eggs from 
all matings of both reciprocal crosses. 
(Tested against a standard of 40 per cent 
P is less than 0.01.) In his matings, 
Yamashina red-hackled Shamo, 
black Shamo, and red-hackled Shamo 
bantam representatives of Gallus; his 
pheasants were of the subspecies P. c. 
karpowit. The reason for our higher fer- 
tility values would appear to be found in 
the method of artificial insemination as 
compared with natural matings, but this 
assumption is not supported by the data 
of Shaklee and Knox (1954) who found 
still lower fertility and hatchability per- 
centages from crosses involving natural 
matings and artificial inseminations with 
pure and diluted semen. 

In their work they used Dark Cornish 


parents were from the cross Ringneck fe- 
male by Mongolian male. From 106 hens, 
a total of 1,409 eggs were assumed to have 
a good chance of being fertile, the percent- 
age fertility being 3.48 per cent. Of the 
fertile eggs, 6.12 per cent hatched. From 
natural matings in the year 1951, 679 eggs 
gave 2.36 per cent fertility, while in 1952 
a total of 223 eggs gave 9.87 per cent fer- 
tility. The percentage fertility from arti- 
ficial matings appears to be even lower: 
of the three groups listed in their table 1 
representing the findings from all mat- 
ings, the highest fertility percentage was 
3.85 from a total of 78 eggs. 

Of particular interest in this report by 
Shaklee and Knox was the evidence pre- 
sented that some of the fertility was “due 
to causes other than sperm.” They con- 
clude that fertility figures “are thought to 
be overestimates of the actual amount of 
fertility produced by pheasant sperm.” 


Phasianus X Syrmaticus 


The numbers involved in the F, gener- 
ation were small and not very significant. 
Of 12 eggs laid eight were fertile and 
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three hatched, giving 67 per cent fertility 
and 38 per cent hatchability. Some data 
for the reciprocal cross reported by Haig 
Thomas and Huxley (1927) are given in 
table 4 (where I have taken the liberty of 
correcting their terminology). No dead 
embryos are recorded in the second cross, 
but the authors state that some of their 
records on dead embryos are incomplete. 
The hatchability in the first and third 
crosses combined is approximately 70 per 
cent. This figure is considerably higher 
than that found in the Phasianus X Gallus 
cross. 

Our fertile F, male hybrid, No. 117, 
was mated to various pheasant hens dur- 
ing successive seasons. The eggs from 
individual hens were not always recorded 
separately so the data in table 2 give com- 
bined results for the hens used in any 
given year and thus serve as a measure of 
the male fertility alone. Data for the vari- 
ous matings give a fertility of 12 per cent 
and hatchability of 12.5 per cent. Hy- 
brids from Phasitanus and Syrmaticus 
eggs were obtained but none from Chrys- 
olophus or Gallus. Statistically there was 
no indication that either fertility or hatch- 
ability was different in the two back- 
crosses. 

First backcross males (3/4 Phasianus), 
Nos. 152 and 181, were infertile in all 
matings. As will be seen later, No. 152 
was hypogonadic; No. 181 did show nor- 
mal courting behavior. The impression is 
that the F, and B, hybrids are of low via- 
bility and either sterile or of low fertility. 


C. pictus X C. amherstiae 


Crosses of these species are commonly 
made in aviaries and the results are well 
known, it being generally assumed that 
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there is no reproductive incompatibiity 
between them. Combining the data from 
our crosses gives 45 per cent fertility and 
25 per cent hatchability. Assuming arbi- 
trary standards of 60 per cent fertility and 
45 per cent hatchability, the chi-square 
test gives a P value which in each case is 
less than 0.01. This would mean that fer- 
tility is less than 60 per cent and that 
hatchability is less than 45 per cent. 

These figures might seem low, but data 
published by Haig Thomas and Huxley 
(1927) for twelve crosses of a similar na- 
ture give a fertility of 41 per cent based 
on 1,514 eggs and a hatchability of 39 per 
cent among 624 fertile eggs. Comparing 
our own data with those of Haig Thomas 
and Huxley we get P values of more than 
0.3 for fertility and less than 0.05 for 
hatchability. Accordingly it can be con- 
cluded that the fertility percentages are 
in good agreement statistically, but that 
the hatchability values probably are not. 
In any case, and despite the popular view 
to the contrary, it seems evident from 
our data and those of Haig Thomas and 
Huxley that at least some reproductive 
isolation obtains between the species in 
question. 


Phasianus X Chrysolophus 


Only 15 eggs from the F, cross were 
incubated. Of these, eight were fertile 
and five hatched. This would correspond 
to 53 per cent fertility and 63 per cent 
hatchability. Haig Thomas and Huxley 
(loc. cit.) report that of 16 eggs set by 
them two were fertile and one hatched, 
which result, if not quite so good as ours, 
is still comparable. 

A first-generation hybrid, No. 154, was 
mated to females of the parental genera. 


TABLE 4. Fertility and hatchability in the cross Syrmaticus female by Phasianus male 


Eggs Number Number Per cent Per cent 

Cross set fertile hatched fertile hatched 
S. reevesit X P. versicolor 63 19 13 30 68 
S. reevesi X P. c. formosanus 36 — 8 — — 
S. reevesi X P.c. colchicus 30 10 7 33 70 


— 


PHEASANT HYBRIDS 


Table 2 indicates a decidedly higher fer- 
tility in the backcross to Chrysolophus 
than to Phasianus. Testing for an associ- 
ation of fertility in the two crosses by chi- 
square obviously gives a P value far below 
0.01. Since No. 154 derived equal num- 
bers of chromosomes from both parents 
(cf. Sandnes, 1954), it might have been 
assumed that he would be equally fertile 
with either species. Since he obviously 
was not, two possibilities suggest them- 
selves. 1. In both genera the W chromo- 
some reacts with homologous autosomes 
but with different valencies in the two 
species. 2. The two generic sets of auto- 
somes are in some degree themselves in- 
compatible. The former view is consid- 
erably strengthened by a consideration of 
the general discussion in my next publi- 
cation dealing with the distribution of the 
sexes among hybrids from this cross. 
That a differentially reactive W chromo- 
some is not the sole explanation is sup- 
ported by the fertility ratio 65:1 for the 
respective backcrosses, instead of 3:1 
which would have been the maximum dif- 
ference expected on the basis of the first 
assumption. It therefore appears that 
both alternatives must be drawn upon to 
some extent. 

First backcross males, Nos. 169 and 
179, were mated to various hens over a 
number of years. No. 179, a beautiful 
bird showing vigorous courting behavior, 
was infertile in all matings (table 2). In 
1941 mating No. 169 to a Mongolian hen 
resulted in 28 infertile eggs. This is in 
good agreement with the one per cent 
fertility found in matings of No. 154 to 
M/m hens. The combined data for 
crosses involving No. 169 with Chryso- 
lophus hens yields a fertility of 31 per cent 
and a hatchability of 69 per cent. Com- 
pared with the data for the backcross of 
No. 154 to Chrysolophus hens, one finds 
a statistically significant lowering of fer- 
tility and more than a doubling of hatch- 
ability. 

The difference between the F, and B, 
may be due to a screening out, first, of 
inviable gametes and, subsequently, of 
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inviable zygotes, both of which might be 
expected to result from the increased ge- 
netic complexity of the B, over the F,,. 
That is to say, in addition to intrinsically 
inviable gametes there are presumably still 
others which while themselves potentially 
viable, form incompatible unions. This 
would leave a reduced number of gametes 
which would be viable and make favorable 
combinations. These screenings 
would thus reduce the number of fertile 
eggs but at the same time result in a higher 
percentage of the fertile eggs which hatch. 

When the breeding data for the cross 
No. 22, in which golden hens were used, 
are compared with those where at least 
one of the hens was a hybrid, cross No. 
23, we find a reduced fertility in the latter 
as compared with the former (26 per cent 
and 39 per cent), but almost a doubling of 
the hatchability (93 per cent and 43 per 
cent). In terms of chi-square the differ- 
ence in hatchability is significant, that in 
fertility doubtfully so. Such differences 
as really exist may be explained in the 
manner suggested in the preceeding para- 
graph. 

For the later generations facilities did 
not permit making crosses in a regular 
sequence such as would result in a uni- 
formly progressive dilution. It was also 
of course considered important to mate the 
hybrids among themselves. The latter 
procedure leads to great complexity in any 
formal statement of relationships and un- 
doubtedly to an even greater complexity 
in the actual distribution of genes. For 
these reasons it seemed proper to combine 
data from slightly different crosses under 
a few headings. 

It might be expected that with each suc- 
cessive backcross to the genus Chrysolo- 
phus there would be an increase in hatch- 
ability corresponding to the progressively 
greater numbers of Chrysolophus genes. 
This view is clearly supported by the re- 
sults shown in table 5 where data drawn 
from table 2 are listed to show the results 
of backcrossing hybrid males to pure 
golden hens. When data for the first two 
backcrosses are compared with those from 
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TABLE 5. Fertility and hatchability in backcross hybrids 

Crosses in Number Number Number Per cent Per cent 

Cross table 2 set fertile hatched fertile hatched 
Golden X B, 22, 27 45 14 6 31 43 
Golden X Bz 30 94 65 23 69 35 
Golden X B; © 31 105 43 26 29 60 
Golden X B, 32 48 30 20 62 67 
Totals 292 152 75 52 49 


the last two, a significant increase in hatch- 
ability is found, P being less than 0.01. 

From theoretical considerations one 
might expect a reduction in hatchability 
when such backcross hybrids are mated 
inter se. Recessive Phasianus genes pres- 
ent in the hybrids are necessarily heterozy- 
gous, and it might be assumed that many 
of the hybrids have a number of such 
genes in common. Crossing would bring 
some of these genes into homozygous 
combinations which, in a predominantly 
Chrysolophus environment, would be ex- 
pected to reduce viability. But contrary 
to such expectation the hatchabiliy proved 
to be identical for hybrids bred inter se 
and for backcross hybrids, the actual 
value in each case being 49 per cent. It 
may be, therefore, that many of the Phast- 
anus genes are also normally present in 
Chrysolophus while others are neutral in 
respect to viability. 


AGE DISTRIBUTION OF EMBRYONIC 
MortTALITY 


Introduction 


It seems desirable at this point to ex- 
amine the variations which occur in em- 
bryonic mortality in the parental species 
and their hybrids. In the embryos of the 
domestic fowl two peaks of mortality, an 
early and a more pronounced late peak, 
were recognized by Payne (1919, 1920). 
Riddle (1930) reported similar periods 
for species of pigeons and doves. Un- 


doubtedly specific agencies such as cer- 
tain lethal genes may increase mortality at 
other definite periods in embryonic de- 
velopment, but in general most factors 


resulting in an increased mortality are 
especially effective at these times. 

A particularly important publication by 
Bronkhorst (1933) will provide some- 
what of a standard for comparison with 
our own findings. Bronkhorst studied 
the mortality distribution of eggs from 
high-hatching (above 75 per cent) and 
low-hatching (below 50 per cent) white 
Leghorn hens. Eggs from the high-hatch- 
ing groups showed a much lower mortal- 
ity in the early peak (approximately 1-8 
days) than in the late peak (approxi- 
mately 17-22 days); while low-hatching 
hens produced embryos which died with 
about the same frequency in both periods. 
Both peaks were higher among embryos 
from the low-hatching hens. 

A high late peak of mortality was ob- 
served for ring-neck pheasants (Sandnes, 
1937). Data are shown in table 6. Here 
mortality during the last five or six days 
of development was about eight times 
greater than during the first six days. 
When tested for association with an as- 
sumed equality of early and late mor- 
tality, the chi-square test indicates a sig- 
nificant difference. 

Intergeneric hybridization in birds is 
known to reduce hatchability, and it 
might therefore be expected that such hy- 
brids would have an increased early mor- 
tality when compared with a pure species. 
This is well supported by data in the 
literature. Two intergeneric crosses in 
which the parental forms (domestic fowl 
x turkey and domestic fowl X guinea 
fowl) were from different taxonomic fam- 
ilies or subfamilies showed an extremely 
high degree of early embryonic mortality. 


\ 
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TABLE 6. Mortality of embryos in eggs of ring-neck and ring-neck X Gallus 


Number 

Mating fertile 
Ring-neck X creeper 71 
Ring-neck K Leghorn 284 
Above combined 355 
Ring-neck X ring-neck 292 


Days of survival 


Chicks 

1-6 7-16 17-22 hatched 
45 1 12 13 
96 11 53 124 
141 12 65 137 
12 9 95 176 


Combining the results from both recip- 
rocal crosses in which the turkey was in- 
volved (Warren and Scott, 1935; Quinn, 
Burrows and Gyerly, 1937) it appears that 
61 fertile eggs showed a mortality of 
98.5 per cent during the first six days of 
incubation, 75.5 per cent being on the 
first day. One reached a late stage of in- 
cubation, but none hatched. Owen (1941) 
found that in the cross of chicken female 
by guinea fowl male all embryos died 
early, approximately half before the ap- 
pearance of blood islands, the remainder 
not later than the fourth day. In the re- 
ciprocal cross, early embryonic mortality 
was again high, but a few survived to late 
stages and one hatched. 


Phasianus X Gallus 


Data for this cross have already been 
reported (Sandnes, 1937), but the analy- 
sis will be somewhat extended here. 
Table 6 shows that early mortality is 
greater than late mortality for both crosses 
of ring-neck by domestic fowl. In both 
instances the difference in early and late 
mortality was found to be statistically 
significant. 

We have already seen that eggs from 
the ring-neck X creeper cross had a sig- 


TABLE 7. 


nificantly lower hatchability than those 
from the cross ring-neck by Leghorn. 
Are the differences in early and late mor- 
tality in the two crosses also significant? 
The value of P in this case is just slightly 
less than 0.05 indicating a possible signifi- 
cance. 

In order to compare the mortality peaks 
in the hybrid and ring-neck pheasant em- 
bryos, data have been expressed as per- 
centages of total embryonic mortality in 
table 7. It is seen that early mortality in 
the hybrids is six to eight times greater 
than in pure ring-necks, and that late 
mortality in the hybrids is less than half 
that occurring in the parental forms. 

The definite increase in total and early 
embryonic mortality in this intergeneric 
cross is most probably the result of ab- 
normal developmental processes induced 
by the inharmonious interaction of genes 
from the two genera. On this basis one 
would expect to find morphological evi- 
dences of anomalous development. While 
no particular attempt was made to study 
this problem, a very high incidence of cere- 
bral hernia was found. Of 150 embryos 
and chicks obtained from the cross of 
ring-neck by Leghorn, 148 were examined 
for cerebral hernia. This abnormality was 


Distribution by age of embryos dying before hatching 


(The data in table 6 expressed as percentages of total embryonic mortality.) 


Number 

of dead 

Mating embryos 
Ring-neck X creeper 58 
Ring-neck K Leghorn 160 
Above combined 218 
Ring-neck XX ring-neck 116 


Per cent dead during days 


1-6 7-16 17-22 
77.6 1.7 20.7 
60.0 6.9 33.1 
64.7 5.5 29.8 
10.3 7.8 81.9 
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present in 50 cases—about one-third of 
the total. Of these, 35 showed protrusion 
of the cerebrum and meninges while 15 or 
more exhibited a marked convexity of the 
crown of the head. Many of the chicks 
with hernia, although they had to be as- 
sisted from the shell, later became physi- 
cally vigorous. 

A high incidence of head abnormalities 
has been reported by Marchlewski (1936, 
cited by Landauer, 1948) among embryos 
from the cross guinea hen X domestic 
cock. Similar gross structural abnormali- 
ties of the head region have also been re- 
ported by Owen (1941) for embryos from 
the reciprocal crosses of the same two 
species. He states that the “frequency of 
these abnormalities may indicate a de- 
velopmental imbalance which finds [even] 
more consistent expression in other phases 
of embryonic metabolism, and which is 
responsible for the high percentage of 
dead embryos.” 


Phasianus X Syrmaticus 


A few data were obtained from matings 
of F, male hybrid No. 117 to Phasianus 
and Syrmaticus hens. Records of eggs 
from the two genera were not always kept 
separate so that the few data available will 
be grouped. Of 38 embryos dying in the 
shell 18 were young, five in the middle pe- 
riod, and 15 late. Early and late mortality 
are about equal. As in other crosses one 
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might expect a lower mortality in the B, 
generation than in the F,. 


Phasianus X Chrysolophus 


The distribution of embryonic mortality 
among backcross and inter se hybrids fur- 
ther supports the hypothesis that inhar- 
monious interaction of genes is responsible 
for the high incidence of total and early 
embryonic mortality. Successive back- 
crossing increases the number of Chrys- 
olophus genes, and, as has been seen, is 
associated with an increase in hatchability. 

Data from the various crosses will be 
compared in which the resulting hybrids 
are presumed to have a low and a high 
number of Chrysolophus genes. For this 
purpose the data are divided into two 
groups (table 8). Groups I includes em- 
bryos which would not be expected on the 
average to have more than 15/16 Chrys- 
olophus genes. Group II includes em- 
bryos expected to have a greater number 
of such genes. Embryos classified as hav- 
ing died early were less than eight days 
old while those listed as having died late 
had attained more than sixteen days of 
incubation age. Uncertain data are ex- 
cluded. It is seen that early and late 
mortality are about equal in Group I 
while in Group II late mortality is almost 
double the early mortality. Chi-square 
tests applied to the data for the two groups 
indicate only a doubtful significance. 


TABLE 8. Distribution by age of dead embryos among hybrids with low and 
high numbers of Chrysolophus genes 


Number Number which died 
of eggs Number 
Crosses fertile Early Middle Late hatched 
Group I (less than 15/16 Chrysolophus) 
Backcrosses 79 26 + 18 31 
Complex crosses 88 14 0 15 59 
Totals 167 40 4 33 90 
Group II (more than 15/16 Chrysolophus) 
Backcrosses 66 6 1 17 42 
Complex crosses 158 19 0 26 113 
Totals 224 25 1 43 155 
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However, when the data for the two 
groups are restricted to backcross hybrids 
a possibly significant difference is found, 
P being less than 0.02. 


DISCUSSION 


One of the primary objectives in this 
study was to get further light on the sys- 
tematic relations of the species studied. 
While in a general way our findings tend 
to sustain those of professional systema- 
tists, they nevertheless provide numerous 
supplementary effects and in one way or 
another strengthen or weaken current 
concepts. One point not especially em- 
phasized by systematists but made much 
of by fanciers and some laboratory stu- 
dents is the supposed complete fertility of 
crosses between Chrysolophus pictus and 
C. amherstiae. If there were a complete 
lack of sterility barrier between these two 
forms, those persons who are disposed 
to consider them as merely of subspecific 
status would have some grounds for their 
contention. It might be pointed out, how- 
ever, that despite Dobzhansky’s emphasis 
on the evolutionary significance of these 
sterility barriers, geographical isolation 
alone might produce species wholly dis- 
tinct as long as they are not brought into 
juxtaposition. This has been advanced 
as an explanation for the Chrysolophus 
situation in which two groups of birds dif- 
fering in size, bony structure, bodily con- 
figuration and temperament, to say noth- 
ing of differences in every feather, have 
been thought to be completely fertile. An- 
alysis of our own data and that in the 
literature from the present point of view 
goes a good way toward clarifying this 
situation . It would appear that as a 
matter of fact some sterility barrier is 
present, and that these two forms are 
well on the way to meeting every cri- 
terion for a good species; that the F, fe- 
males are prevailingly fertile may be in- 
terpreted as merely representing a lesser 
degree of the sterility expressed even in 
many intergeneric crosses where the fe- 
males are not fertile but some of the males 
are. 
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Whatever the conception of a genus 
may be, probably no one could be found 
who would maintain that Phasianus and 
Chrysolophus are of the same species, and 
yet when intercrossed they produce some 
fertile male hybrids. This in itself dis- 
counts the infallibility of hybrid sterility 
as an absolute criterion of specific distinct- 
ness. From this point of view it seems 
to us that we are fully justified in recog- 
nizing C. pictus and C. amherstiae as dis- 
tinct species; species, however, in which 
the sterility barrier is less highly devel- 
oped than in the other groups studied. 
The validity of the other species discussed 
in this publication is generally recognized 
and the confirmatory data derived from 
the experiments need not be reviewed 
here. 

We made no successful crosses between 
Chrysolophus and Syrmaticus, but ac- 
cording to Yamashina (1943) who stud- 
ied some F, hybrids, the females are hy- 
pogonadic and totally sterile while the 
testes of the male contain some spermato- 
zoa which are mostly abnormal in form, 
less than 15 percent of them being normal 
in appearance. It is thought that such 
males are either sterile or extremely in- 
fertile. In our experience on the other 
hand both of these genera cross fairly 
readily with Phastanus so that on the ba- 
sis of the grades of sterility alone the se- 
quence of phylogenesis might be assumed 
to be Chrysolophus — Phasianus > Syr- 
maticus, or vice versa. Or again it is 
conceivable that Phasianus is the more 
primitive, Chrysolophus and Syrmaticus 
being two genera which have diverged in 
different directions. Morphological con- 
siderations would favor the latter alterna- 
tive. Coming now to the Phasitanus X 
Gallus cross, both morphology and sterility 
indicate relationships more remote than 
those between either of the other genera. 

Considering all the genera together we 
might picture a phylogenetic tree in which 
Callus was first to become distinct from 
the other three genera, followed by di- 
vergence of Syrmaticus, and shortly after 
the separation of Phasianus and Chrys- 
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olophus from the primordial Phasianus 
stem. Each of these genera has diverged 
to produce several species, and in the 
case of Phasianus and Gallus many sub- 
species. Chrysolophus has only two spe- 
cies, and these we may infer, in spite of 
many morphological differences, are only 
now in the process of becoming fully dis- 
tinct. The taxonomic species of Phasi- 
anus, namely, P. colchicus and P. versi- 
color or the older taxonomical groupings 
(colchicus, torquatus and_ versicolor), 
probably cannot be regarded as good spe- 
cies, but might possibly represent at best 
something equivalent to the various races 
of man, and in terms of speciation only po- 
tentially incipient species. There is thus 
represented among the various genera and 
their sub-groups a wide range of degrees 
of phylogenetic discontinuities. 

From Darwin on there has been much 
discussion on the origin of the domestic 
fowl, some contending that it arose from 
a single species, others maintaining that 
several species contributed to its origin. 
Our own experiments are believed to 
throw some light on problems of this kind. 
After a certain number of generations, 
individuals involving two genera and 
three species, not to mention one other 
variety, have been produced which are 
fertile when crossed inter se. There still 
remains considerable sterility as expressed 
in many intersexes, but it may be pre- 
sumed that if some of our complex new 
forms had occurred in nature and proved 
to have any selective value, a perfectly new 
species might have arisen. 

Interesting evidence for the latter pos- 
sibility has recently been supplied by 
Yamashina (1948) for a species of duck, 
Anas oustaleti, which, on the basis of 
many plumage and other traits, appears 
to have been derived, by natural hybridi- 
zation, from two closely related extant spe- 
cies. In this instance the traits analyzed 
are fairly conspicuous, but it may well be 
that in many other recent animal species 
the hybrid origin is much less apparent. 

Another aspect of the problem of phy- 
logeny and relationship of these species 
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involves genetic considerations which in 
turn may be subdivided into the sterility 
(and relative viability) that results from 
hybridization and the break-up of genetic 
complexes that had been established with 
the species themselves. We have seen 
evidence of such a break-up in the text of 
this report, chiefly as a reduction in fer- 
tility and viability, the latter being most 
pronounced at early embryonic ages. Ad- 
ditional evidence of such genetical disrup- 
tions will be dealt with in future papers on 
sex-ratios and the genetical and physio- 
logical basis of sterility and intersexuality. 
The latter contribution will include a gen- 
eral discussion of the mechanisms which 
appear to operate in the hybridization 
process and to be determinative in speci- 
ation. 
SUMMARY 


Interspecific and intergeneric hybrids 
were obtained between Chrysolophus pic- 
tus and Chrysolophus amherstiae, Phasi- 
anus colchicus and Gallus domesticus, 
Phasianus and Syrmaticus, and Phasianus 
and Chrysolophus. In the latter case, es- 
pecially, the F, and subsequent genera- 
tions were backcrossed repeatedly to 
Chrysolophus, and finally bred inter se. 

All of the primary intergeneric crosses 
made produced viable young in appreciable 
numbers. In the Phasianus K Gallus 
cross these young were all sterile, and 
there was a marked differential viability. 
In each of the other combinations some 
fertility was shown by the males but no 
females until after backcrossing for several 
generations. In the case of Chrysolophus 
pictus and C. amherstiae there was evi- 
dence of only minor genetic incompatibil- 
ity. As more and more Chrysolophus 
blood was introduced into the Phasianus- 
Chrysolophus complex, the females be- 
came more and more fertile until it was 
possible to breed the hybrids inter se. 
Birds with hybrid ancestry on both sides 
combine traits of the parental genera in 
varying combinations (Danforth and 
sandnes, 1939; Danforth, 1950; Sandnes, 
1952 and future publications), and it is 
presumed that one or more distinctive new 


types could be derived from this complex 
material. 

A reduction in fertility and an increase 
in total and early embryonic mortality 
was found to occur in all the intergeneric 
crosses studied. This phenomenon was 
most marked in the Phasianus X Gallus 
cross and least in the Phastanus X Chrys- 
olophus cross. In the former there was a 
difference in the results depending on 
whether the Gallus parent was a creeper 
or a Leghorn. There is evidence that the 
semi-lethal creeper gene has an even more 
deleterious effect when associated with 
Phasianus genes than with those of the 
normal fowl. 

Both total and early high embryonic 
mortality so characteristic of first genera- 
tion intergeneric hybrids was found to be 
reduced by backcrossing to one of the 
parental forms. 

Our own data on fertility and hatcha- 
bility when combined with those in the 
literature indicate that, contrary to gen- 
eral belief, there is a weak sterility bar- 
rier tending to separate the two species of 
Chrysolophus. 

It is suggested that a satisfactory phylo- 
genetic tree of the four genera considered 
would show Gallus branching off ap- 
preciably earlier than the rest, with Syr- 
maticus, and soon after Chrysolophus, 
separating from the Phastanus group. 

Evidence is presented for the theory of 
the origin of the domestic fowl from more 
than one species. 
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List oF ABBREVIATIONS 


A Amherst pheasant 
B,, B, . . . First, second . . . backcross 
generations 
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C  Chrysolophus 

colchicus 

G Golden pheasant 

M Dominant gene for melanism occur- 
ring in Phasianus 

m The presumed allele of M in Chrys- 
olophus 

P  Phasianus 

P,, Phasianus colchicus mongolicus 

P, Phasianus colchicus torquatus 

P, Arecessive white Mongolian pheasant 

S  Syrmaticus 

Syrmaticus reevesi 
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Among a collection of birds from Gre- 
nada, British West Indies, obtained 
through the kindness of Mr. W. J. Plow- 
den-Wardlaw, are twenty-eight specimens 
of the polymorphic Bananaquit of that 
island, Coereba flaveola aterrima. This 
population exists in two forms, a normal 
phase, resembling other West Indian and 
Neotropical Bananaquits in being dark 
above with a pale yellowish rump, white 
superciliary, and mostly yellow below 
with a dark gray throat patch and greenish 
olive flanks. This is the form which was 
called Coereba wellsi, normal form mor- 
risi, by Clark (1905) Proc. Boston Soc. 
Nat. Hist., 32: 293), and which he re- 
ported was “very rare” on Grenada; “seen 
but twice on the mangrove flats of Point 
Saline.” 

This phenotype more nearly resembles 
C. f. luteola of Tobago, Trinidad and 
northeastern South America, than the 
other adjacent island populations of nor- 
mal Bananaquits, differing, however, in 
possessing a tumid, bright pink ictal 
spot, and in having a much darker throat 
patch, and a duller rump patch. 

The melanistic phenotype, the type of 
the name aterrima, is virtually completely 
black, except for a tendency to paler inner 
edges to the inner secondaries, a greenish 
olive tint to the rump, and an oil green 
tint to the slate-colored feathers of the 
breast. 

Immature birds of the normal type tend 
to have dull brownish upperparts, some- 
times spotted with new black feathers, the 
superciliary partly or predominantly yel- 
low, and lack a throat patch, the whole of 
the underparts being dull yellow, with 
sooty bases to the throat feathers. 
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The immature of the melanistic phase 
is dull, blackish-brown above, paling to 
an oily yellow suffusion on the dull, brown- 
ish rump, and dull, clove brown below, 
washed with olive green. 

Apparently the rare occurrence of nor- 
mal birds among the otherwise melanistic 
population is confined to two areas on the 
Island of Grenada (see accompanying 
map, fig. 1) ; in the extreme northeast in 
the Levera area, near Levera Island, 
Green Island and Sandy Island, and in 
the southwest, at Point Saline, and near it, 
on “True Blue” Estate. This distribution 
has been noted by previous collectors go- 
ing back into the Nineteenth Century, and 
from the meager comparative evidence, 
it would appear that this is a balanced 
condition of polymorphism, not transient, 
as Bond has pointed out (1956). Thus 
all ’round the Island and wherever it may 
occur in the interior, the Bananaquit is 
black. Only at these two discrete points, 
northeast and southwest, do normal type 
birds appear, and in general it might well 
be asserted that they are as uncommon 
now in these days of better transportation 
and facilities for field study, as they were 
in the days of Clark (op. cit.) or even 
earlier. This evidence is in contrast to 
the assumption of Huxley (1942) and 
earlier writers (Meise et al.), that the sit- 
uation was in imbalance, and that the 
melanistic phase was replacing the normal 
phase. 

In size and tone of coloration, melanistic 
birds from all over the Island appear simi- 
lar. There is no difference in color be- 
tween normal specimens from Point Sa- 
line and Levera, or Islands to the north 
including the near-by Green Island, al- 
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Fic. 1. Map of island of Grenada showing distribution of Honeycreepers. 


though there is a small but appreciable 
cline in size. However, the population of 
the Grenadines and Green Island seems 
to consist only of normal individuals. It 
might be speculated that Grenadines birds 
serve as a reservoir or gene pool from 
which to reintroduce the normal phase to 
Grenada at intervals, due to the proximity 
of the Islands to the Levera colony, were 
it not for the persistence of the isolated 
Point Saline colony far to the southwest. 

This is a discontinuous form of geo- 
graphical variation, St. Vincent to the 


north, north of the Grenadines (fig. 2), 
has a larger-sized subspecies, primarily 
melanistic, with occasional normal indi- 
viduals occurring, and the islands to the 
southwest, off the Venezuelan coast, have 
three taxonomically separate melanistic 
populations. 

Mr. Plowden-Wardlaw comments (in 
litt.) that the Levera Colony of mixed 
type is very small; “only 500 yards long 
along the beach, amongst the sea grapes 
and almonds, and only a few hundred 
yards deep.” 
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A curious point brought out in his col- 
lecting, and one which he feels represents 
the presence of a possible sex-linked 
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character among the Levera colony of 
mixed types, is that the sex ratio is un- 
equal as between the two types: 


Specimens collected by Plowden-Wardlaw Normal Melanistic 
Levera area 2c 
none 429 
Additional Specimens in Harvard Museum 
of Comparative Zoology and Philadelphia 
Academy of Natural Sciences | Tog 
Point Saline area 20° id 
329 492° 
Additional Specimens at MCZ and ANSP 1,19 


Mr. Plowden-Wardlaw suggests that 
the mixed pairs which he collected at 
Levera demonstrated that the two plum- 
age phases were sex-linked, normal males 
being mated to melanistic females. It 
would be interesting to attempt to test 
this hypothesis, which unfortunately is 
difficult by the method of simple collecting, 
and which the presence of two males among 
the melanistic series collected tends to 
discredit. 

Since there is a total of seven normal 
and five melanistic specimens from Point 
Saline and five normal and six melanistic 
from Levera, making in all twelve normals 


and eleven melanistic specimens, it is pos- 
sible to conclude that the approximate 
gene frequency, assuming equilibrium, is 
not significantly different in the two lo- 
calities. It is possible to assume also, 
therefore, in an approximate way that the 
two phenotypes occur in equal propor- 
tions. For an equilibrium mixture of 
equal numbers of two phenotypes, differ- 
ing in a single gene with no phenotypic 
difference between dominant heterozy- 
gote and homozygote, the proportion of 
genes is 71% recessive, 29% dominant as 
Dahlberg has shown (1948). 


Levera, Point Saline, Grand Anse, ‘‘Grenada”’ 
Total of 12¢°o" 2 2 normal: 


Levera and Point Saline 
60'o" 2 melanistic: 


Rest of Island, St. George’s Beau Sejour, St. 
Paul's, Calavini, Grenville, Morne Rouge, 
“Grenada” 2 9 melanistic: 


From the above figures it will be seen 
that the size of the normal and the 
nistic birds from the areas where the nor- 
mal persists in the northeast and south- 
west of the Island is closely equivalent. 
Melanistic birds from other parts of the 
Island where only this phenotype oc- 
curs average slightly smaller. Comparing 
the means of the wing measurements of 
the melanistic samples from the Levera 
and Point Saline loci with those from the 
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Measurements (in millimeters) 


Wing Tail 
55.5-63.5 33—40 
(mean 59) (mean 37.1) 


om = 2.62 + .79 om = 2.26 + .75 


57.5-62 (59) 
om = 1.682 + .68 


34-38.5 (36.4) 
Om = 1.79 + .07 


28-40 (33.3) 
om = 3.81 + 1.27 


52-60 (56.5) 
om = 2.417 + .78 


rest of the Island by the formula of t for 
small samples reveals a t value of 2.05 
which gives a probability between 1.8 and 
2.1. Similarly the t value for the differ- 
ence of the means of the tail measurements 
between the melanistic samples is 1.9 
which gives a probability near .10. On the 
basis of this evidence the probability is not 
great that the samples represent discrete 
populations. However, it cannot be en- 
tirely overlooked that there is a slight 
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Fic. 2. Map of islands in vicinity of Grenada. 


trend towards larger size in the poly- 
morphic populations. 

Thus the Grenada Bananaquit does ap- 
pear to represent a case of balanced poly- 
morphism with two isolated geographical 
loci, in each of which the normal type 
apparently interbreeds freely with the 
melanistic type, and in each of which a 
random sampling reveals a trend towards 
larger size. 


St. VINCENT AND THE GRENADINES 


The Grenadines Islands north of Gre- 
nada are inhabited bya normal population 
of Bananaquit which is indistinguishable 
from aterrima. Specimens seen by me 
measure: 8 J¢99; wing 55-63 (59.7); 
tail 32-38 (35). 

Birds from St. Vincent have been named 
atrata and are said to differ from aterrima 
by larger size, more robust bills, and 
deeper color in the melanic specimens. 
Direct comparison of specimens has not 
satisfied me that the characters of more 
robust bill or deeper color in the melanistic 
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birds were in themselves significant. The 
normal specimens are in fact indistinguish- 
able. It seemed worthwhile then to ex- 
amine the alleged variation in size. Speci- 
mens of normal and melanistic type com- 
bined measure: St. Vincent, 8d¢¢99; 
wing 57-64.5 (62) ; tail 32-42 (37.5). 

Adding the Grenadines sample to that 
from Grenada gives a total of 27 speci- 
mens with measurable wings ranging in 
size from 52-63.5 with a mean of 58.4 mm. 
Comparing this sample with 8 St. Vincent 
birds as measured above, gives a figure 
for og = 1.26 and d/og = 2.85. This fig- 
ure when arranged on a normal curve 
table indicates that the probability is 
highly significant that the St. Vincent 
specimens do in fact represent a separate 
population. Thus even though individual 
St. Vincent or Grenada birds may overlap 
in size and be otherwise inseparable, it 
seems wiser to assume that two genetic 
populations are here represented, and 
that these populations are significantly 
isolated, and in both a condition of poly- 
morphism occurs. Here again it seems 
particularly noteworthy that the geo- 
graphically intervening population on the 
Grenadines, which in size appears to be- 
long with that of Grenada, is entirely com- 
posed as far as is known of normal pheno- 
types. 

I am much indebted to Professor G. 
Evelyn Hutchinson for looking over these 
notes, and to the authorities of the Phila- 
delphia Academy of Natural Sciences and 
the Harvard Museum of Comparative 
Zoology for permission to examine speci- 
mens in their care as well as to Mr. J. D. 
Macdonald of the British Museum for 
measurements of additional specimens. 
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INTRODUCTION 


Cheiropterophilous plants are pollinated 
by bats which visit their flowers. This 
process is peculiar to species growing in 
tropical regions where suitable vegetarian 
bats occur. 7 Relatively few systematic and 
sustained investigations of the process 
have been made and it is the aim of this 
paper to provide first-hand observations 
upon the bat-pollination of a species of 
Parkia (Mimosaceae) and to discuss the 
evolutionary problems which they raise. 

The first suggestion that bats might 
act as pollinating agents for flowering 
plants was made by Moseley (1879) who 
observed bats attacking and eating the red 
flowers of a tree, probably a species of 
Erythrina (Papilionaceae), during the 
hours of daylight. These observations 
were made in the Pacific islands of Tonga 
during the cruise of H.M.S. Challenger. 
This record was not, however, the first to 
be made of bats visiting flowers, the honor 
for which probably belongs to De La Nux 
who, in a letter dated 1772, wrote to the 
French botanist Buffon that he had seen 
bats of the species Pteropus niger visiting 
flowers of an unknown “umbelliferous” 
plant at Reunion in the Mascarene Islands 
(Jaeger, 1954b). Subsequently, Gould 
(1863) in Australia, saw flowers of 
Eucalyptus attacked and eaten by Ptero- 
pus alecto gouldi. 

After Moseley’s publication, further ob- 
servations of flower-visits by bats were 
made in Trinidad by Hart (1897) who 
recorded visits to Bauhinia megalandra 
Griseb. (Caesalpiniaceae). Hart, in a 
letter to Knuth (cited by Knuth, 1908), 
also recorded visits by the bat now known 
as Anoura geoffroyi (Peters) Gray to the 
flowers of Eperua falcata Aubl. (Papilio- 
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naceae). At Buitenzorg (now Bogor) in 
Java, Burck (1892) reported that the bat 
Pteropus vampyrus (Linn.) Brisson paid 
attention to the flowers of a liane which 
was finally identified by van der Pijl 
(1956) as Freycinetia insignis Bl. (Pan- 
danaceae). Confusion has arisen regard- 
ing this work by Burck because other 
species of Freycinetia are bird-pollinated. 

Again, at Buitenzorg, Heide (1927) 
was the first to observe Eonycteris spelaea 
Dobson, a small fruit bat, visiting the flow- 
ers of planted specimens of Kigelia aethi- 
opica Decne. (Bignoniaceae) and Mark- 
hamia (Dolichandrone) stipulata Seem. 
(of the same family). In India, McCann 
(1931) described the behavior of the bat 
Cynopterus sphinx Vahl. which visited the 
flowers of Kigelia pinnata DC. and Oro- 
xylon indicum Vent. (again of the Bigno- 
niaceae ). 

A second record from the New World 
was made by Porsch (1931) who ob- 
served visits in Costa Rico by Glossoph- 
aga soricina Pall. to two species of Cala- 
bash tree, Crescentia cujete L. and Par- 
mentiera alata Miers. Once again the 
species visited belong to the Bignoniaceae. 

In 1936, Altmann informed van der 
Pijl (1936) that he had observed small 
bats visiting the flowers of the Baobab 
(Adansonia digitata L., of the Bombaca- 
ceae) planted in Java, but it was not until 
1943 that Jaeger (1945) confirmed this 
from French West Africa where the spe- 
cies is native. Jaeger observed visits by 
the large fruit bat Eidolon helvem Kerr to 
this tree. Subsequently, Jaeger (1954a) 
published his description of the visits of 
an unidentified bat to the Silk Cotton 
Tree (Ceiba pentandra Gaertn., also of 
the Bombacaceae) in the same region. 
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Van der Pijl (1956) published the first 
photograph of a bat visiting the male 
flowers of Musa paradisiaca L. (Musa- 
ceae). Since this species produces fruits 
parthenocarpically, the visits of the bat 
(which was a species of Macroglossus) 
have no significance for pollination. 

Visits by bats to flowers of the genus 
Parkia were first observed at Buitenzorg 
by Danser (1929) on the species P. speci- 
osa Hassk., now known as P. roxburghi 
G. Don. In the same year, van Heurn 
(1929) reported that as long ago as 1926 
he had shot specimens of the bat Cy- 
nopteris brachiotis Muller on this same 
species of Parkia. Docters van Leeuwen 
(1933) gave an account of his observa- 
tions made in 1932 on P. roxburghiu at 
the same locality in Java, but referring to 
another species of bat, Eonycteris spelaea 
Dobs. 

In the early writings there is much dis- 
cussion as to whether the bats are simply 
destructive. Gould (1863) states that the 
flowers of Eucalyptus were eaten and 
Moseley (1879) found the same in Eryth- 
rina. Similarly, Porsch (1951) and 
Cammerloher (1928) were of the opinion 
that the visits to Freycinetia recorded by 
Burck (1893) were purely destructive 
and that the bats were the cause of the 
rarity of fruiting in Freycinetia at Buiten- 
zorg. Hart (1897) noticed that immedi- 
ately after a flower of Bauhinia mega- 
landra Griseb. had been visited by a bat, 
the corolla fell to the ground. 

In general it would appear that bats 
visit flowers for food in the form of nec- 
tar, pollen, or the floral parts. The great- 
est physical damage to the floral parts is 
done by those bats which eat the corolla, 
but the loss of the corolla does not neces- 
sarily mean that pollen has not been trans- 
ferred to the stigma and seed-setting is 
not ruled out. Danser (1929) observed 


that the stamens of Parkia roxburghi had 
been gnawed off by bats, but that the tree 
produced large numbers of fruits. It 
seems that there is a range of behavior 
between that of the extremely destructive 
visitors and those which effect pollination 
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without damage (“ravageurs’” and “pol- 
linateurs,” respectively, of Jaeger 1954b). 
> Despite the wide geographical range 
over which bat visits to flowers have been 
recorded (the West Indies and Central 
America, West Africa, India, the East 
Indies, and Australia) and their at- 
tempted survey in review articles by Jae- 
ger (1954b) and van der Pijl (1936, 
1956), there remain many gaps in our 
knowledge of bat-pollination both from 
the point of view of the behavior of the 
bats and the effectiveness of their visits. 
In addition, a positive identification of the 
species of bat involved is often lacking. 
Many species are still only suspected of 
possessing flowers which are visited by 
bats in their native stations (e.g., Kigelia 
africana Benth., and species of Amphi- 
tecna, Parmentiera, Durio, Oro-xylon, 
Caryocar, Tillandsia, Agave, Calliandra, 
Eugenia, Sonneratia, Barringtonia, Cap- 
paris, Crataeva, and some cacti) ( Porsch, 
1932; Allen, 1940). This list is based 
mainly on a morphological study of 
the flowers of these genera. Porsch 
(1932) and others have noted that bat- 
visited flowers (which are night-bloom- 
ing) are characterized by the emission of 
a peculiar smell and Jaeger (1954b) lists 
other morphological features which he be- 
lieves to be indicative of bat-pollination. 
There is, however, a distinct lack of care- 
ful, sustained observations. 

In Ghana, fruit bats are not uncommon 
and detailed studies of bat-pollination are 
possible on those species of flowering 
plants whose floral morphology and _ be- 
havior are such as to suggest that they 
will be visited. Parkia clappertoniana 
Keay was the first species chosen for 
attention and photography was used to 
make a record of observations on visits. 


PARKIA CLAPPERTONIANA 
A LIKELY SUBJECT 


Parkia clappertoniana Keay is a tree of 
medium height (up to 22 meters) which 
is common in the Guinea Savannah and 
Sudan Savannah of West Africa, and is 
distributed eastwards to the Sudan itself. 


POLLINATION OF PARKIA 


Dalziel (1937) enumerates the many 
uses to which this tree is put by Africans. 
The seeds and the pulp around the seeds 
are eaten, while an infusion of the bark 
is used in tanning leather and in coloring 
earthenware and the mud walls of houses. 
For these reasons the species is tended 
rather than eliminated even in those areas 
of Sudan Savannah where intensive culti- 
vation has destroyed most of the indige- 
nous vegetation. 

Flowering takes place in the dry season 
between the months of November and 
January, but a spasmodic production of 
inflorescences can occur during other 
months. Trees tend to lose and replace 
their leaves during the period of flower- 
ing but defoliation is not always complete 
and some branches may retain all of their 
leaves during these months. Flowering 
is usually confined to branches from which 
the leaf fall occurs. When it is at an end 
a vigorous development of new leaves 
takes place. 

The inflorescences (fig. 2B) are spheri- 
cal in shape, with a diameter of about 5 
cms, and contain upwards of 2,000 flow- 
ers. They are suspended at the ends of 
stout but flexible peduncles up to 34 cms 
long (Keay, 1955) and about one cm in 
diameter. These are placed on the tree in 
such a way that the balls of flowers usu- 
ally hang clear of surrounding foliage. In 
this respect, the inflorescence of P. clap- 
pertoniana is similar in emplacement to 
the single flower of the Baobab ( Adanso- 
nia digitata L.) which Jaeger (1945) 
showed to be bat-visited. This similarity 
between Parkia and Adansonia can also 
be seen when comparing the globose in- 
florescence of the former with the ball of 
stamens in a single flower of the latter. 
All the flowers of the Parkia inflorescence 
are not fully fertile for there is a cylinder 
of flowers in the region where the inflo- 
rescence is attached to the peduncle in 
which only the filaments of the stamens 
are well developed. Occasionally, dehis- 
cent anthers occur here, but the chief 
function of these flowers appears to be 
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the secretion of nectar at night. This nec- 
tar accumulates in a small circular depres- 
sion (fig. 1). Up to 5 ml of nectar has 
been recovered from a single inflorescence 
in one night. 

The flowers emit a weak fruity scent 
but the strong unpleasant odor character- 
istic of some other bat-visited flowers 
(e.g., Adansonia, Kigelia and Ceiba) is 
absent. The inflorescence exhibits pro- 
tandry and as the flowers of the spherical 
portion pass through stages of opening, 
anthesis, withering of the stamens and, 
finally, emergence of the stigma, so there 
is a progressive color change in the in- 
florescence from red through purple to 
salmon pink. Anthesis appears to take 
place an hour or so before dusk and most 
of the pollen disappears within 12 hours. 
Although most styles do not elongate until 
after pollen has been shed, occasional 
flowers (up to about 24 in an inflores- 
cence) show protruding stigmas at the 
time of anthesis. 


oO 


Fic. 1. Diagrammatic section through the in- 
florescence of Parkia clappertoniana. <A, stout 
peduncle; B, sterile nectar-producing flowers; 


C, ring in which nectar collects; D, potentially 
fertile flowers. 
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In the absence of pollination, the flow- 
ers fall from an inflorescence, leaving 
nothing but the bare drumstick-like pe- 
duncle. Eventually the peduncle itself, 
which previously had been capable of 
bearing a considerable weight, is shed, 
following the formation of an abcission 
layer at its attachment to the branch. 

All the observations on bats reported 
in this paper were made on trees of P. 
clappertomiana planted at Achimota (lati- 
tude 5° 38’ N, longitude 0° 13’ W). 
These trees were more accessible than 
those growing wild in the Guinea Savan- 
nah or in the Shai Hills of Ghana where, 
however, some observations have been 
made with similar results. 


PHOTOGRAPHIC METHODS 


The photographic equipment consisted 
of a Kine Exakta camera with 10.5 cm, 
15 cm and 25 cm lenses. Electronic flash 
equipment was used with the camera fo- 
cussed on a particular inflorescence. Ex- 
posures were made when bats visited the 
selected inflorescence. The series of 
photographs used in figures 2-6 was later 
built up from a selection of many which 
were taken on different nights. 

The flash did not appear to affect the 
behavior of the bats, neither did the use 
of electric torches. This is contrary to 
the experience of van der Pijl (1956) 
who reported that the Macroglossus visit- 
ing a Musa inflorescence in Indonesia 
was disturbed by a photographic flash 
and did not return. 


OBSERVATIONS 


During the daytime the only visits re- 
corded to inflorescences of Parkia clap- 
pertoniana were by an unidentified sun- 
bird and a social wasp (a species of 
Belanogaster), each seen on a single oc- 
casion. The sunbird moved from one in- 
florescence to another and appeared to 
peck at the flowers. The wasp spent 10 


minutes or more on a single inflorescence, 
paying no attention to the flowers but re- 
maining in the depressed ring which had 
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contained nectar the previous night. By 
contrast, crepuscular and nocturnal visi- 
tors were observed regularly. 

As dusk approached but whilst it was 
still light (17.30-18.00 hrs. G.M.T.), the 
inflorescences were visited by such large 
numbers of bees that a conspicuous dron- 
ing could be heard several yards from the 
tree. A similar congregation occurred at 
dawn. These bees were actively crawling 
over and flying around the inflorescences, 
apparently collecting pollen and nectar 
from the fertile flowers (fig. 2D). They 
were identified as Apis mellifica Linn., the 
honey bee. On the whole they confined 
their visits to inflorescences in the stami- 
nate state and paid little attention tothe 
nectar in the basal “ring.” It is unlikely 
that they were of any significance as 
pollinators. 

The earliest bats to arrive at the trees 
were Epomophorus gambianus Jentink. 
This is a medium-sized bat (with a wing- 
span of about 60 cms) and rather slow- 
moving. Usually the first individuals 
arrived just as visibility began to be re- 
stricted by the fading of daylight (circa 
18.00 hours G.M.T.). The visits of this 
species tended to last for about 20 minutes 
each evening (although visits were occa- 
sionally made later), and the flight of the 
bats tended to be restricted to the upper 
regions of the tree where the inflores- 
cences were least encumbered by neigh- 
boring branches. The shortness of the 
visit and the restriction of flight to the 
upper part of the tree canopy made this 
species of bat difficult to photograph. 
Figure 3A—D shows Epomophorus gam- 
bianus. 

When landing on an inflorescence this 
bat would grip the ball of flowers with its 
hind feet. The approach was slow, and 
after the landing had been accomplished, 
the bat hung on for as long as 15-45 sec- 
onds. It would push its snout into the 
circular depression on the inflorescence 
and take up the nectar with a lapping ac- 
tion of the tongue. Apparently in order 
to keep its balance, it would maintain a 
slow flapping movement with its wings 
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(fig. 3B). Less commonly the wings 
were folded and partly wrapped around 
the inflorescence (fig. 3C). Both meth- 
ods of support can result in pollen being 
transferred from inflorescences in the 
staminate condition to the body of the bat 
from which they may be deposited subse- 
quently on an inflorescence with exserted 
stigmas. 

Inflorescences tended to be visited re- 
peatedly, especially when up to a dozen 
bats were flying around a single tree. 
There appeared to be no discrimination 
by the bats between inflorescences in the 
staminate or pistillate conditions, but im- 
mature inflorescences were not visited and 
neither were those from which unferti- 
lized flowers had begun to fall. 

During the daytime these bats (Epo- 
mophorus gambianus ) roosted in tall trees 
of Khaya senegalensis A. Juss. which had 
been planted about 400 meters away some 
20-25 years ago. This species is a savan- 
nah tree which is commonly found grow- 
ing in those parts of Ghana where Parkia 
clap pertoniana is indigenous. 

As darkness gathered, a second species 
of bat would make its appearance. This 
was identified as Nanonycterts veldkampit 
(Jentink) Matschie, a smaller animal 
with an average wingspan of about 34 
cms. This species tended to arrive just 
before the departure of the Epomophorus, 
about 18.30 hours G.M.T., and _ visits 
would be paid to the tree with varying 
intensity during the night until the early 
hours. On several occasions it was ob- 
served that individuals of Epomophorus 
which were hanging on to inflorescences 
of Parkia were harassed by Nanonycterts. 
This usually resulted in the larger bat re- 
leasing its hold and flying away. 

Nanonycteris is a quicker and more 
agile flyer than Epomophorus and tended 
to visit inflorescences all over the tree. 
The methods of approaching and landing 
on an inflorescence, of clasping with the 
wings, and of the subsequent departure 
are to be seen from the composite se- 
quence of photographs (figs. 46). The 
time spent by a bat of this species on an 


inflorescence varied from 1-30 seconds 
but was, on the whole, considerably 
shorter than the time spent by Epomo- 
phorus in the same position. From direct 
observations and from the photographs it 
is clear that Nanonycteris veldkampu 
clasps the inflorescence with its wings, 
holding on with its thumbs, and applies 
its face to the depressed ring containing 
the nectar. The nectar is then lapped 
with the narrow, rough tongue. Depar- 
ture from an inflorescence is rapid and 
details cannot be observed easily, but from 
the photographs it would seem that the 
bat first throws itself backwards. It may 
then drop below the inflorescence, com- 
pleting a somersault before opening its 
wings and flying away (figs. 6B & 6C), or 
it may do a half-roll (fig. 6D). No evi- 


dence was obtained of any flower-eating © 


by the bats, but it was noticed that during 
their visits to older inflorescences, unfer- 
tilized flowers were occasionally knocked 
off. 

Neither species of bat visited the trees 
before or at dawn. At the time that ob- 
servations were being made, a flock of the 
large fruit bat Eidolon helvum Kerr vis- 
ited the neighborhood. They crawled 
over the flowers of a flowering Silk Cot- 
ton Tree (Ceiba pentandra Gaertn.) 
Standing less than 30 meters away from a 
specimen of Parkia clappertoniana -which 
was being actively visited by Epomopho- 
rus and Nanonycteris, but they did not 
visit the Parkia at all. 

Specimens of Epomophorus gambianus 
and Nanonycteris veldkampu were shot 
whilst visiting Parkia inflorescences. 
There was abundant pollen on the fur of 
their breasts and faces, which, after micro- 
scopic examination, was easily identified 
as consisting of the 16- (or 32-) celled 
polyads of P. clappertoniana. Dissection 
of the stomachs showed that they con- 


tained a sticky fluid. This was undoubt- 


edly nectar which had recently been swal- 
lowed. There was, however, no sign of 
pollen in the stomach as had been found, 
for example, by van der Pijl (1936) in 
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Eonycteris spelaea shot after visiting Par- 
kia roxburghu at Buitenzorg. 

Epomophorus gambianus is an African 
bat distributed from Senegal to Nigeria in 
the West and across to Abyssinia in the 
East. Nanonycteris veldkampi, however, 
is only to be found in West Africa, be- 
tween Liberia and the Cameroons (Ro- 
sevear, 1953). Both species belong to the 
Megachiroptera, the section of the Chi- 
roptera (bats) which is confined to the 
Old World and which is composed almost 
entirely of fruit-eaters. The tongues, 
teeth and stomachs of some of these bats 
have become adapted to the lapping and 
digestion of nectar. 


DISCUSSION 


The observed behavior of the bats Epo- 
mophorus gambianus and Nanonycteris 
valdkampu on inflorescences of Parkia 
clappertoniana is similar to the descrip- 
tion given by Danser (1929) of the visits 
of unidentified bats to P. roxburghii at 
Buitenzorg, and the subsequent descrip- 
tion of visitations by Eonycteris spelaea 
to the same species by Docters van Leeu- 
wen (1938). Parkia roxburghu, how- 
ever, has a somewhat different inflores- 
cence from that of P. clappertoniana. In 
the former the basal flowers are sterile but 
their staminodes have conspicuously elon- 
gated filaments (Danser, 1929) which 
may possibly offer some protection from 
rain to the nectar accumulated in the res- 
servoir. Male and bisexual flowers are 
produced successively towards the apex 
of the inflorescence. As the inflorescence 
is pendant, the staminodal flowers lie 
uppermost. The nectar in P. roxburghii, 
according to van der Pijl (1936), is pro- 
duced as milky drops which ooze out from 
the male flowers. 

From the brief description given by 
Danser (1929) it is clear that consider- 
able damage is done to the flowers of Par- 
kia roxburghu by visiting bats. Docters 
van Leeuwen (1938) found their stom- 
achs to be full of pollen, anthers and nec- 
tar. Damage to this extent was never 


observed in P. clappertomiana. 
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? The mechanism by which bats are at- 
tracted to and locate inflorescences of 
Parkia clappertoniana is not known, but 
it is interesting that the floral parts of this 
species lack both the creamy color and the 
semi-foetid smell which characterize a 
number of cheiropterophilous plants and 
which some writers (e.g., Porsch, 1932) 
have regarded as serving to attract bats 
when illumniation is poor. Some South 
American and East Indian Parkta species 
have whitish cream flowers, but, of these, 
only P. roxburghu G. Don is known as 
yet to be cheiropterophilous. 


Alternative foods for bats 


The two species of bats found visiting 
P. clappertoniana are also fruit-eaters. In 
Achimota they may be seen attacking the 
“fruits” of Ficus umbellata Vahl (trees of 
which grow in the vicinity of the Parkia 
trees) and they probably eat the fruit of 
other species in addition. They appear to 
chew the fruits, swallowing the juice and 
expectorating the solid matter. It seems 
likely that the nectar of Parkia plays only 
a minor role in the diet of these fruit bats. 

The flowering period of Parkia clap- 
pertoniana in West Africa seldom lasts as 
long as four or five months in any one 
year, so that non-migrant bats such as 
Nanonycteris and Epomophorus cannot 
depend entirely on Parkia for their food. 
Indeed, it is apparent that Parkia nectar 
is insufficient in quantity or in its range 
of constituents to provide the total food 
supply of an actively growing and repro- 
ducing mammal of the size of these bats. 
Allen (1940) and van der Pijl (1956) 
have both remarked on the necessity for 
an alternative source of food for bats 
which are visiting the flowers of a species 
with a limited flowering period; this al- 
ternative may be provided not only by 
flowers of another species, however, but 
by fruits (or even bark as in the case of 
Eidolon helvum) or the bats may migrate. 
We have not been able to establish a suit- 
able sequence of flowers at Achimota, and 
here the Epomophorus and Nanonycteris 
supplement their floral diet with fruit. 
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The significance of bat visits 


In attempting to assess the significance 
to the plants of the visits by these bats, 
one must hear in mind that there may be 
a balance between the disadvantages of 
floral destruction and the beneficial as- 
pects of pollen-transfer. Since in P. clap- 
pertoniana little or no destruction was 
observed, it can be concluded that the 
visits of the bats are, at least, not harmful. 
However, even on trees which are freely 
visited by bats, most peduncles fall with- 
out having borne any fruit and even on 
those which persist, the number of fruits 
that finally ripen is small (usually be- 
tween one and nine at Achimota). On 
the other hand, a tree which overhangs a 
road on which traffic was fairly frequent, 
produced practically no fruit at all. Bat 
visitors to this tree tended to be very rare 
indeed (probably due to the disturbance). 

Another feature which adds weight to 
the view that the bats are really active as 
pollinating agents is illustrated moderately 
well in figure 4. There is a tendency for 
the fruits of Parkia clappertoniana to be 
formed on one side of the inflorescence 
only—the side which faces the periphery 
of the tree canopy. This is the usual di- 
rection by which bats approach, for they 
usually fly around the tree and then move 
in to land on an inflorescence. 

It is not yet known whether P. clapper- 
toniana shows true _ self-incompatibility 
but experiments are in progress to deter- 
mine this, and will be reported elsewhere. 
It may be significant that recent work 
with Acacia decurrens Willd. by Philp 
and Sherry (1946) and with A. mollis- 
sima Willd. by Moffett (1956) has dem- 
onstrated self-incompatibility for the first 
time in the Mimosaceae. In both species 
there was a reduction in seed-setting to 
30% when out-crossing was prevented. 
If self-incompatibility does occur in Par- 
kia clappertoniana, the value of the strong- 
flying bats as pollinating agents could be 
very great where more or less isolated 
trees occur. However, where this species 
occurs naturally, trees are sometimes in 


much closer proximity and, in these cir- 
cumstances, pollen-transfer might take 
place by other vectors. In any case, the 
strong protandry makes a necessity of 
pollen-transfer from inflorescences in the 
staminate condition to those which are 
pistillate, for even those anthers which are 
still attached when the styles elongate 
have shed their pollen. The large pollen 
masses (polyads c. 85 » in diameter, con- 
taining up to 32 individual grains) are too 
heavy to be carried any significant dis- 
tance by wind although geitonogamy fol- 
lowing the rubbing together of adjacent 
inflorescences is not impossible. It is, 
however, unlikely as adjacent inflores- 
cences are rarely in the appropriate con- 
ditions. 


Geographical and historical relation 
between bats and the genus Parkia 


The genus Parkia has a disjunct pan- 
tropical distribution with its species clus- 
tered in three main areas, viz. Africa 
(largely in the West); South America 
(largely in Amazonia) and the West In- 
dies ; and continental south-east Asia and 
the East Indies. In two of these areas 
the inflorescences are known to be visited 
by bats which appear to play an effective 
part in pollination. These bats (Fonyc- 
teris spelaea and Cynopteris brachiotts 
visiting P. rox¥urghii in the East Indies 
and Epomophorus gambianus and Nano- 
nycteris veldkampu visiting P. clapper- 
toniana in West Africa) all belong to 
the family Pteropidae (Megachiroptera). 
The inflorescences of the Parkia species 
which they visit appear, in many ways, 
ideally suited to pollination by their 
agency. Thus, the inflorescence hangs 
clear of the foliage on a flexible but stout 
peduncle. It produces a large reservoir 
of nectar at night in a position where it 
can be taken by large flying animals 
which, at the same time, receive or trans- 
fer pollen which adheres to the fur of 
their adpressed breasts. 

Similar inflorescences are to be found 
in some of the species of the genus which 
occur in South America, for example P. 
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nitida Miq. or P. pendula Benth. Noth- 
ing, however, is known of any visitors to 
these New World species where members 
of the Megachiroptera cannot be the 
agents of pollination (for they are entirely 
Old World in distribution).' It is greatly 
to be desired that observations will be 
made in the forests of tropical South 
America to discover the nature of the 
pollen-vectors for these species. 

The oldest known fossil remains which 
can be definitely identified as bats appear 
to be those found in Eocene (including 
‘Paleocene’) beds in North America 
(Scott, 1937) and Germany (Revilloid, 
1922). The German remains are of well 
differentiated members of the Microchi- 
roptera, not unlike living members of that 
sub-order. Megachiropteran fossils ap- 
pear in Oligocene beds in Italy. The ex- 
istence of such highly evolved bat-like 
creatures in the early to middle Tertiary 
period suggests that the Chiroptera as an 
order may have been differentiated at an 
earlier date but there is, as far as we 
know, no record of such forms. Bats, 
like birds, appear to be under-represented 
in fossil beds even when they seem likely 
to have formed a significant element of 
the fauna (Simpson, 1937). 

The only definite records of New 
World bats visiting flowers are those 
referred to on pages 449 and 450. The 
two bats mentioned there (Anoura 
geoffroyi (Peters) Grey and Glossophaga 
sorictna Pall.) are members of the family 
Phyllostomidae in the sub-order Micro- 
chiroptera (Miller, 1907). The Phyllos- 
tomidae is an entirely New World family 
which includes a majority of insectivorous 
species. However, all the fruit-eating 
bats of the New World belong to this 
family and Allen (1940) believes on 
morphological grounds that these frugivo- 
rous types have evolved from the insecti- 
vorous stock. This suggestion receives 
support from the relative numbers of spe- 
cies in each feeding group. 

The further suggestion has been made 
that the fruit-eaters of the New World 
represent a more recent evolutionary de- 


velopment than the Old World Megachi- 
roptera (in which all species, with the 
possible exception of some species of the 
genus Nyctimene, are fruit-eating). 

Recently (Koopman & Williams, 1951 ; 
Williams, 1952), accounts have been pub- 
lished of fossil bats from a Jamaican cave. 
It is not stated that any of the fossils 
found had been of fruit-eaters, but it is 
interesting to note that members of the 
genus Glossophaga (which is known to 
include a flower-visiting species) were 
found only in the most recent remains, 
in the surface and subsurface layers. 

Parkia, being a pan-tropical genus of 
forest and savannah trees with several 
species in each geographical region, can 
be assumed to have achieved its wide dis- 
tribution at a remote period. ‘There is 
reason to believe that this may have pre- 
ceded the Eocene with its first fossil rec- 
ord of bats. Whether this distribution of 
the genus Parkia occurred at the latitude 
of the present tropics as a result of Con- 
tinental Drift or by migration through 
what are now temperate latitudes at a 
time when tropical climates extended 
much farther towards the Arctic, it is 
clear that the Eocene stage is the very 
latest at which this could have occurred. 

According to most statments of the the- 
ory of Continental Drift, the separation of 
the present day continents from the pri- 
maeval Pangaea began in the Mesozoic 
era but as late as the Eocene stage there 
persisted a slight connection between 
South America and West Africa (cf. 
Wulff, 1943). 

On the other hand, even assuming the 
permanent occupation by the continents 
of their present positions, surveys of Eo- 
cene floras such as that by Krystofovich 
(1929) show that at the warmest time in 
the Tertiary period only the climate of 
the southern end of western Europe was 
tropical or sub-tropical and that, from 
then onwards in the Northern Hemi- 
sphere, there was a continuous decrease 
in clemency of the climates of all areas, 
culminating in the onset of the Pleistocene 
glaciations (cf. Godwin, 1956). Equally, 
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it is only before the Eocene stage that 
there could have been contact between 
tropical floras through Beringia (cf. Cain, 
1944). By contrast with Parkia, the ab- 
sence of Megachiroptera from the New 
World suggests that their evolution came 
too late for them to be included in a New 
World fauna, in agreement with their 
short fossil record. In this connection it 
should be noted, however, that whereas 
fruit-bats are tropical in distribution (only 
rarely reaching into the sub-tropics), in- 
sectivorous bats range from the tropics to 
cool temperate zones. ,Thus it may be no 
coincidence that the primitive stock of 
bats in the New World seems likely to 
have been insectivorous. 

’The question then arises as to the na- 
ture of the pollen-vectors of Parkia at a 
time when fruit-bats were probably not 
available. Should the widespread Parkia 
clappertoniana type of inflorescences be 
considered an example of purely fortu- 
itous pre-adaptation? It seems almost 
certain, for the New World at least, that 
the development of fruit-eating and nec- 
tar-lapping bats took place subsequently 
to the origin of the Parkia inflorescence- 
type which we have been considering. 


The distribution of variability in Parka 


A study of dried material of Parkia de- 
posited in the herbarium at Kew revealed 
that there are some 19 morphologically 
very diverse species recorded from tropi- 
cal South America and the West Indies. 
South-east Asia has yielded 11 species 
with some conspicuous vegetative varia- 
tion whereas only 5 morphologically 
rather similar species are known in the 
whole of Africa. The ascription of P. 
biglobosa Benth. to the New World as well 
as Africa (Bentham, 1875; Hutchinson 
and Dalziel, 1928) appears to be an error 
and this species appears to occur only in 
Guinea Savannah regions of West Africa. 
It might be considered that the difference 
in species numbers for these three regions 
could be related to the amount of taxo- 
nomic work that has been done in the re- 
gions or the frequency of collecting in each 


of them. The Kew herbarium, however, 
contains more material of Parkia from 
Africa than from any other part of the 
world and there is good reason to believe 
that, comparatively speaking, the West 
African flora is particularly well known. 

An attempt was made to classify the 
known species for inflorescence-position 
(upright, spreading or pendant pedun- 
cles) ; presence or absence of a marked 
staminodal fringe at the base of the 
inflorescence ; inflorescence-shape (mono- 
globose or biglobose); inflorescence- 
color (white, yellow or red) and leaflet- 
size (fine, medium or large). The infor- 
mation used was obtained from herbarium 
specimens and published descriptions but 
there were some instances in which neither 
of these sources was fully informative. 
The result of this analysis is given in 
table 1. 

It is quite evident that variation is 
greatest amongst the South American 
Parkia species and is very limited in the 
African species for the characters chosen. 
In addition, the characters themselves 
show a high degree of assortment in the 
South American species. South-East 
Asian species are intermediate in the 
amount of their variation. 

In addition to the tabulated characters, 
there is also a contrast to be seen in the 
pods which are relatively uniform in shape 
in West Africa, rather variable in South- 
East Asia and of strikingly different 
shapes and sizes in the South American 
species. 

Although there are dangers in the as- 
sumption that the region in which a genus 
shows the greatest amount of variation, 
in this case South America, is its center 
of origin, it is at least unlikely that the 
continent in which the fewest species with 
the least diversity occur (i.e., Africa) will 
prove to be the cradle of that genus. 

In relation to this suggestion of a New 
World origin for the genus it may be sig- 
nificant that the inflorescences of such 
South American species as Parkia ulei 
(Harms.) Kuhlm. and parviceps 
Ducke resemble quite closely those of the 
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TABLE 1. Characters of Parkia species in the Old and New World 
Inflorescence 
Staminodal mono- or Inflorescence Leaflet 
Peduncle fringe bi-globose color size 
4 upright 9 with 8 mono-globose 10 red or 11 medium 
South America reddish 
and 2 spreading 10 without 12 bi-globose 7 white 9 fine 
West Indies 12 pendant 1 unknown 
2 unknown 3 unknown 
10 pendant 2 with 9 bi-globose 8 yellow or 2 large 
S.E. Asia yellow-white 
1 unknown 3 without 2 unknown 3 unknown 2 fine 
6 unknown 7 medium 
Africa 5 pendant 4 without 5 bi-globose 5 red 4 medium 
1 with 1 fine 


related genus Leucaena.’ In these species 
of Parkia, the inflorescences (fig. 2A) are 
small (about 1 cm in diameter) and erect 
and sometimes arranged in racemose 
groups, quite different from the solitary 
pendant heads of P. clappertoniana. It is 
most unlikely that species such as P. wlet 
are pollinated by bats but it would be very 
interesting to know what does visit them. 
In the appearance and distribution of their 
inflorescences they may well illustrate the 
basic type from which the bat-visited 
types have evolved. According to Wode- 
house (1935), North American members 
of the Mimosaceae are probably insect- 
pollinated although wind may sometimes 
play a part. 


The evolutionary problem of the 
inflorescences in Parkia 


If this interpretation of the evolutionary 
history of the genus Parkia is correct, we 
are left with an enigma. An _ inflores- 
cence-type eminently suitable for the at- 
traction of bats and their utilization in 
effective cross-pollination appears to have 


1In Index Kewensis (7th suppl., 1929) it is 
suggested that P. ulei should be transferred to 
the genus Leucaena but, apart from any other 
features, the pollen masses of P. ulet and P. par- 
viceps, which contain up to 16 small grains each, 
resemble those of other members of the genus 
and are utterly different from the large, tricol- 
porate, prolate monads of, for example, Leu- 
caena glauca Benth. 


evolved in what is now South America 
from types which are adapted to visits 
from other pollinators. Yet we must as- 
sume that this took place in the absence 
of bats and that it was only upon arrival 
in the Old World that the fortuitously 
adapted inflorescence-type could be made 
use of by the Megachiroptera. The utili- 
zation of Parkias with this type of in- 
florescence by bats in the Americas, if it 
takes place, would be a relatively recent 
development. 

Almost inevitably this raises the doubt 
that, despite the deductions which seem to 
be most reasonably made from the sys- 
tematic, geographical and palaeontological 
data, we are putting the cart before the 
horse. Either the history of nectar- 
lapping bats goes back farther than the 
Eocene (and there were nectar-lappers 
which are now extinct in South America ) 
or else the genus Parkia had its origin in 
the Old World rather than the New (and 
the diversity of forms in South America 
is to be attributed to radiative evolution 
in a new environment). After all, Croizat 
(1952), in his highly theoretical treatise 
on plant geography, has claimed that 
many families of flowering plants with a 
similar disjunct tropical distribution en- 
tered the New World via the “West Af- 
rican Gateway.” 

This difficulty of deciding which came 
first, the presence of bats eager for nectar, 
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or of flowers and inflorescences adapted 
to their visits is not restricted to the genus 
Parkia. All the evidence from taxonomy, 
morphology, cytology and phytogeogra- 
phy agrees in demonstrating the great 
antiquity of the family Bombacaceae (cf. 
Corner, 1949; Stebbins, 1951; Croizat, 
1952; Baker, unpub.), yet this family con- 
tains at least two genera (Adansonia and 
Ceiba) in which there is a flower-type 
apparently well adapted to bat-pollination 
(which has also been observed to occur). 
This must have been evolved earlier than 
the Eocene. 

The present investigation has served to 
bring this evolutionary problem to light. 
Before it can be solved it will be necessary 
to make careful observations upon the 
pollination-systems of Parkta species in 
all parts of the tropics where they occur, 
and not least in South America. Cyto- 
logical studies may also be useful. Any 
new palaeozoological evidence which will 
help to date the origin of the nectar- 
lapping bats will be of great value and so 
would be the (unfortunately unlikely) 
discovery of fossil Parkia material. This 
subject is being opened, not closed. 


SUMMARY 


A historical survey is made of bats as 
pollinators. Although a_ considerable, 
scattered literature exists, there is a pau- 
city of systematic and sustained observa- 
tions. Parkia clappertoniana ( Mimosa- 
ceae) has many of the attributes of a 
cheiropterophilous plant and was chosen 
for visual and photographic observations 
in Ghana. 

Daytime visitors to this tree at Achi- 
mota are not important but near dusk 
(and dawn) large numbers of bees (Apts 
mellifica) visit staminate inflorescences. 
At dusk, the bat Epomophorus gambianus 
visits inflorescences in both staminate and 
pistillate conditions for the abundant nec- 
tar which they produce. Later, another 
bat, Nanonycteris veldkampu takes over. 
The approach, landing, nectar-lapping and 
departure of these bats is described. Both 
bats appear to be important pollen-vectors. 


Parkia nectar, however, constitutes only a 
small part of their diet. 

The fossil record of the Chiroptera is 
not known to reach back beyond the Eo- 
cene and the vegetarian Megachiroptera 
appear to have evolved too late to be able 
to enter the New World tropics (where 
nectar-lapping bats appear to have evolved 
relatively recently from an insectivorous 
Microchiropteran stock). The genus 
Parkia, however, with a pan-tropical dis- 
tribution, is likely to be older than this, 
yet inflorescences of the P. clappertoniana 
type (which appear ideally suited for bat- 
pollination) occur throughout the range 
of the genus. This raises the problem of 
the nature of its pollinators before fruit- 
bats were available. 

Morphological variability in Parkia de- 
creases in order from South America 
through S.E. Asia to Africa. Some South 
American species are most unlikely to be 
bat-pollinated and may show a more 
primitive type of inflorescence, but ob- 
servations of pollinators here are badly 
needed. More evidence of various kinds 
must be collected before the center of 
origin of the genus and the historical re- 
lationship between the development of a 
suitable inflorescence and the evolution of 
nectar-lapping bats can be discerned. 
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INTRODUCTION 


Paramecium aurelia has not been used 
for laboratory studies of population ge- 
netics although there are a number of 
features that ought to make it favorable 
for this purpose. Some information is 
available about natural populations, and a 
number of the questions that are basic to 
an understanding of the population ge- 
netics of this organism have been dis- 
cussed by Beale (1954), Sonneborn 
(1955, in press), and Pringle (1956). 
A population of P. aurelia normally con- 
sists of animals belonging to a series of 
different clones that have originated at 
various times through one of the two 
sexual processes, conjugation or autog- 
amy. Conjugation allows cross-fertiliza- 
tion between clones, as well as mating 
within, whereas autogamy is a form of 
self-fertilization within a single individual 
and produces complete homozygosis for 
all loci (see Beale, 1954). Thus a basic 
question for any population study with 
this species is the relative frequency of 
these two types of clones. If most clones 
in a population have arisen at conjugation, 
the population should resemble those of 
other crossbreeding organisms; if most 
clones have arisen at autogamy, the popu- 
lation will approach the clonal structure 
characteristic of asexual organisms, though 
with the special feature that new muta- 
tions are made homozygous at the next 
autogamy after they have occurred. Son- 
neborn (in press) has discussed these 
matters in some detail and has given 
reasons for believing that natural popula- 
tions of this species are more likely to ap- 
proach the clonal than the crossbreeding 


1 Operated by Union Carbide Nuclear Com- 
pany for the U. S. Atomic Energy Commission. 
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type. He emphasizes that this conclusion 
is more strictly true for certain non-inter- 
mating varieties such as 4 than for others 
such as 1. Pringle (1956) has found 
heterozygous clones in nature with a small 
but appreciable frequency for variety 1; 
and, since heterozygotes can only be pro- 
duced by conjugation, this means that 
conjugation occurs with an appreciable, 
though perhaps low, frequency in nature. 

The purpose of the present work was to 
see whether an essentially crossbreeding 
population of variety 1 could be main- 
tained in the laboratory under conditions 
that are reasonably favorable for conjuga- 
tion. The results show that this can be 
done. 

METHODS AND RESULTS 


Since there is, as far as we know, no di- 
rect information on the genetic structure 
of laboratory populations of Paramecium 
aurelia, it seems worth while to record 
some observations on such a _ popula- 
tion, despite their incompleteness. Beale 
(1954), Sonneborn (1955), and Pringle 
(1956) have given brief discussions of the 
basic problems involved, and Sonneborn 
(in press) has discussed the problems in 
some detail. There are two types of 
breeding, (1) conjugation, which allows 
outbreeding and (2) autogamy, which 
produces complete homozygosity. Pan- 
mixia should predominate if the former 
is the main process, but a nearly clonal 
structure should exist if the latter is the 
main one. The data to be presented show 
that conjugation predominates in a partic- 
ular laboratory population of variety 1 of 
P. aurelia. 

On April 12, 1955 a test tube popula- 
tion was started from several hybrid clones 
from a cross of the variety 1 stocks, 90 and 
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CD. The population was grown at ap- 
proximately one fission per day by mixing 
the contents, discarding half, and refilling 
with baked lettuce culture medium daily. 
A single tube was maintained in this way 
at 27° C from April until late August 
1955 and was then subdivided into four 
tubes, two at 27° C and two at 31° C. 
These replicate populations have shown 
no marked differences and are not sepa- 
rately reported. 

The stocks of origin differ from each 
other in 5 loci (Kimball and Gaither, 
1955). Stock CD is homozygous for the 
recessive alleles clear (cl), dumpy (dp), 
and single mating type (mt!) and for the 
antigen alleles d® and g®; otherwise it is 
nearly isogenic with stock 90. The latter 
is homozygous for the dominant alleles of 
cl, dp, and mt and for the serotype alleles 
d®° and g®*®°. Only cl, dp, and d were fol- 
lowed in the population. Depending on 
the conditions of growth, especially the 
temperature, a given animal may belong 
to one of the D serotypes determined by 
the alleles of d or some other serotype de- 
termined by alleles at some other locus, 
such as g (Beale, 1954). In the present 
work, the few isolates that were not of the 
D type were converted to it by growth in 
mass culture at 31° C. MHeterozygotes 
for the d alleles react with both anti-60D 
and anti-90D serum; homozygotes, with 
only one. 

At irregular intervals, the tube contents 
were thoroughly mixed, a sample was 
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withdrawn, and individual paramecia were 
isolated and allowed to multiply. The 
cultures that resulted were checked for 
serotype and the clear and dumpy char- 
acters. For some samples, daily isolation 
lines were established from each isolate, 
autogamy was induced, and the frequency 
of normally multiplying exautogamous 
clones ascertained. The data on serotype 
and postautogamous growth are summa- 
rized in table 1. 

The two alleles of the d locus have re- 
mained in the population in nearly their 
original equal frequencies. The ci allele 
was rare in the first sample and apparently 
has been completely lost. The dp allele 
was present at nearly the original 50% 
frequency in the first sample, was greatly 
reduced by the second, but apparently is 
still present in a low, though undeter- 
mined, frequency in the most recent 
samples. 

The frequency of the three serotypes 
has probably been fairly constant since 
August 1955. The marked deviation of 
the third sample from the others and from 
random mating expectation suggests that 
false positive reactions with anti-60D se- 
rum caused some of the 90D isolates to be 
misclassified as heterozygotes. Tests for 
false reactions were made with some of 
the other samples, and none were found; 
nevertheless, this is the most reasonable 
explanation of the deviation. 

The relative frequency of animals be- 
longing to exconjugant and exautogamous 


TABLE 1. Samples of laboratory populations of Paramecium aurelia 
Percentage 
frequency of 
Percentage Percentage frequency of serotypes inviable and 
failing to among the isolates that survived* poorly growing 
Number survive - — — ———— cultures after 
Date of sample in sample to test 6 6/9 9 autogamy 
May 23, 1955 163 2.45 37.74 33.96 28.30 20.4 
August 12, 1955 180 3.33 23.56 44.83 31.61 62.1 
December 5, 1956 360 10.83 23.36 62.93 13.70 —- 
December 31, 1956 224 13.84 32.12 47.67 20.21 -—— 
January 3, 1957 90 18.89 27.40 42.47 30.14 85.3 
January 6, 1957 240 17.50 30.30 43.94 25.76 — 


* 6, reacted with only anti-60D serum; 6/9, reacted with both antisera; 9, reacted with only anti- 
90D serum. 
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clones can be derived from the frequency 
of the heterozygous as compared to the 
homozygous serotoypes. Heterozygotes 
can only arise at conjugation; and, if it 
is assumed that mating and survival are 
random in respect to serotype, the fre- 
quency of animals belonging to exconju- 
gant clones can be calculated from the sec- 
ond, fourth, fifth, and sixth samples in 
table 1 to be about 90%. The excess of 
homozygotes over random expectation can 
be attributed to about 10% of animals 
from exautogamous clones. The actual 
frequency of autogamy among all sexual 
events in the population is undoubtedly 
higher since, as will be shown below, ex- 
autogamous clones are considerably less 
likely to survive ihnan exconjugant ones. 
The data simply show that of all animals 
present at any one moment, about 90% be- 
long to exconjugant clones and 10% to 
exautogamous ones. 

The average interval between succes- 
sive sexual events, conjugation or autog- 
amy, must be rather long because the fre- 
quency of animals with fragments of the 
old macronucleus is low. At either event, 
the macronucleus fragments into a num- 
ber of pieces which remain visible for 
several fissions before eventually disap- 
pearing. On several different days in 
January 1957, samples from the tubes 
were examined for the presence of macro- 
nuclear fragments, and the frequency was 
found to be nearly constant at 11%. Since 
fragments persist for several fissions and 
the average fission rate was about one per 
day, the frequency of sexual events must 
have been considerably less than 11% per 
day. Clones cannot persist indefinitely 
without a sexual event because of the well- 
known aging phenomenon; consequently 
there can be no lines of descent that do not 
eventually undergo such an event or die, 
and the average interval between succes- 
sive events must be appreciably greater 
than 10, quite possibly 20, 30, or even 
more days. 

During the year and a half, there has 
been a large accumulation of what are, ap- 
parently, deleterious mutations. This is 


shown in table 1 by the increase in fre- 
quency of isolates that failed to grow 
sufficiently to be tested for serotype and 
by the great increase in poor growth and 
inviability after autogamy. Further in- 
formation on this poor growth and invia- 
bility was obtained by two observations 
made in January 1957. A group of 90 
conjugant pairs was isolated from the 
tubes ; 49.4% grew poorly or died. There 
was a high correlation between the two 
members of a pair (85.6% alike), as 
would be expected if death and poor 
growth had a nuclear basis. The still 
greater frequency of death and poor 
growth after autogamy (table 1) suggests 
that an appreciable part of the mutations 
were recessive. A few days after the 
group of conjugants was obtained, a group 
of 360 single animals was isolated from 
the tubes, and only 23.3% grew poorly or 
died. Thus at least some of the geno- 
types that were unfavorable in isolation 
were also unfavorable in the tube; other- 
wise the frequency of poor clones should 
have been more nearly the same in the 
conjugant and single-animal isolations. 

In conclusion, random outbreeding 
through conjugation is the predominant 
sexual process in these populations, but 
it should be emphasized that the conditions 
were especially favorable for conjugation. 
The mi! allele, if still present in the popu- 
lation, would help keep the ratio of the 
two mating types more nearly equal than 
would be expected if only its wild-type 
allele were present. The daily limited 
feeding, which brings the paramecia into 
condition for conjugation each day, and 
the dense population also favor conjuga- 
tion. Sonneborn (in press) has pointed 
out that variety 1 is better equipped as an 
outbreeder than some of the other va- 
rieties of P. aurelia. It is unlikely that 
conditions in the wild would be nearly so 
favorable for conjugation; the mf! allele 
has been found in only one collection 
source, and wild populations are rarely if 
ever so dense as laboratory ones. Never- 
theless, Pringle (1956) has found some 
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hybrid clones in nature; therefore it is 
certain that conjugation does occur. 

The great accumulation of deleterious 
mutations was unexpected and certainly 
does not represent the condition of all 
Paramecium mass cultures. This accumu- 
lation is probably the consequence of the 
random outbreeding population structure, 
which allows the accumulation of reces- 
sive lethals and of chromosomes that are 
favorable in certain combinations and not 
others. Conditions that favor autogamy 
would be expected to retard or prevent 
the accumulation of so many unfavorable 


types. 
DISCUSSION 


The major conclusion from this work 
is that it is possible in Paramecium aurelia 
to establish a laboratory population con- 
sisting mainly of exconjugant clones and 
therefore comparable to populations of 
other crossbreeding organisms. Several 
factors have favored this outcome. Va- 
riety 1 has a relatively long interval after 
either fertilization process during which 
conjugation but not autogamy will recur. 
The method of daily feeding brings the 
animals into the proper physiological state 
for conjugation once a day while keeping 
the fission rate low and the immature pe- 
riod, before autogamy can recur, long. A 
further favorable feature may have been 
the introduction of the m#! allele into the 
population from stock CD. Animals ho- 
mozygous for this allele are always mating 
type I whereas animals with the wild-type 
allele may be either type I or type II but 
are more often the latter at the tempera- 
tures used. The mt! allele, especially if 
it were present in the right frequency, 
would tend to equalize the frequency of 
the mating types and so maximize the 
probability of animals of opposite mating 
type meeting each other and conjugating. 

A less expected result of the work was 
the high frequency of inviable and slowly 
growing clones that arose after conjuga- 
tion and autogamy. It seems probable 


that this was a consequence of the cross- 
breeding population structure. 


In our 
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previous experience with variety 1, it has 
not been uncommon to find appreciable 
death among the exautogamous descend- 
ants of individuals isolated at random from 
stock cultures; but the frequency of death 
has rarely if ever been as high as in the 
present case. The conditions in stock 
cultures, which are fed at somewhat ir- 
regular and relatively long intervals, are 
probably considerably less favorable for 
conjugation than those in the present pop- 
ulations. Further support comes from 
our experience that animals isolated from 
stock cultures of variety 4 only rarely give 
rise to poorly growing or inviable exau- 
togamous progeny, and Sonneborn (in 
press) has pointed out that variety 4 is 
more strictly an inbreeder than variety 1. 

An outbreeding population structure 
would be expected to allow recessive le- 
thals to accumulate to a higher frequency 
than a clonal one. It is not certain, how- 
ever, that this is the only factor involved. 
The high frequency of inviable clones 
after conjugation suggests a high degree 
of allelism among lethals and could be 
taken to mean that a few (3 or 4) lethal 
and deleterious mutations reached quite 
high frequencies because of favorable se- 
lection in the heterozygous state. There 
are a number of uncertainties, however, in 
converting the frequency of poorly grow- 
ing clones to the number of loci involved, 
especially when this frequency is as high 
as it is after autogamy; consequently it 
would be unwise to place much reliance on 
this last conclusion. 


SUMMARY 


It was shown that it is possible to main- 
tain a population of Paramecium aurelia 
in the laboratory under such conditions 
that a large portion of the animals belong 
to exconjugant rather than exautogamous 
clones. Under these conditions, the popu- 
lation should resemble in its behavior 
populations of crossbreeding organisms 
rather than clonally reproducing, asexual 
organisms. During the course of the year 
and a half that the population was main- 
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tained, recessive lethal and deleterious 
mutations accumulated to such an extent 
that most homozygous segregants pro- 
duced by autogamy were inviable. The 
basis for this accumulation is briefly dis- 
cussed. 
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Most students of floral ecology and in- 
sect behavior agree today that bees and 
flowers are closely and mutually inter- 
related in evolution as reciprocal selective 
factors (Frisch, 1950, 1954; Grant, 1949; 
Schneirla, 1951; Butler, 1954, p.6). But 
neither the evolution of flower types to 
their present perfection of colors and 
symmetry, nor the sensory development 
of insect pollinators, which might have 
caused the gradual floral differentiation, 
are yet satisfactorily explained. So far, 
no attempt has been made to present theo- 
ries or speculations on how the flowering 
plants, which form the main part of the 
vegetation on earth, have come to be as 
we see them today. Almost all recent 
writers hold the view that the evolution of 
the flowering plants is still as great a 
mystery as ever (Just, 1952; Good, 1956; 
Thomas, 1956). It is urgently important, 
therefore, to explore the expected parallel- 
ism between the development of flowers 
and of insects, and to establish its evo- 
lutionary significance. 


1 Much of the material used in this report was 
collected by the writer while working at the 
Tropical Research Institute of the University of 
El Salvador in Central America during the years 
1953 and 1954. Dr. Aristides Palacios, Director 
General, and Dr. Adolf Meyer-Abich, Constitu- 
ent Member of this Institute, helped the author 
to solve many technical problems during this 
study. 

Dr. Th. Just, Chief Curator of the Chicago 
Natural History Museum, helped the author in 
discussing many problems of this study. Miss 
Karen M. Heyerdahl, Principal Secretary of 
the Hormel Institute, assisted in the preparation 
of the manuscript. 

2 Present address: Iowa State College, De- 
partment of Botany and Plant Pathology, Plant 
Introduction Station, Ames, Iowa. 
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In some earlier papers (Leppik, 1948a, 
1956), an attempt was made to arrange 
some directly observable tendencies and 
trends in floral differentiation into a his- 
torical sequence, which would mirror, ac- 
cording to the present theory, the main 
trend of the accelerated evolution of en- 
tomophilous angiosperms. A new idea, 
to be discussed in this article, concerns a 
conjectural sensory mechanism which 
governs the tropheclectic behavior of an- 
thophilous insects, and coordinates their 
selective activity among fast-evolving 
flower types. Recent investigations sug- 
gest that this conjectural mechanism (or 
mechanisms) has been established in in- 
sects step by step during their sensory 
evolution, and is functioning now as the 
principal determining factor for floral 
differentiation (Leppik, 1956, 1957a). 


ABILITY OF POLLINATING INSECTS TO 
DISTINGUISH FLOWER TYPES 


The long-lasting debate among biolo- 
gists as to whether colors or scents attract 
pollinators has finally been resolved by ex- 
perimental findings which indicate that 
bees have both a keen sense of color and a 
sharp perception of odor. In addition, the 
color sense of insects has been found to 
be supplemented by an accurate perception 
of form and symmetry (Frisch, 1914; 
Hertz, 1929; Leppik, 1953b, 1954; Kug- 
ler, 1955, p. 104-107). 

There is further evidence and consider- 
able experimental proof that at least hy- 
menopterous pollinators are able to dis- 
tinguish third dimensions and forms of bi- 
lateral symmetry. In this respect the 
bumblebees have been more fully studied, 
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and are known to possess a keen visual 
perception of form and depth (Kugler, 
1942, 1943, 1955; Werth, 1949, 1956). 
These insects have also a special liking 
for stereomorphic and zygomorphic forms 
of so-called “bumblebee flowers,” which 
plants have almost the same geographical 
distribution as bumblebees. The ability 
of insect pollinators to distinguish form 
and symmetry is further mirrored in their 
steadfastness to definite flower types, as 
described below. 

A further remarkable capability of some 
groups of pollinators to recognize and re- 
member numeral patterns in flowers is 
discussed elsewhere (Leppik, 1948a, 
1953b, 1954, 1955c, 1957b). There are 
at least thirteen basic combinations of 
numbers that certain groups of pollinators 
can recognize and remember as definite 
symmetrical patterns: many, few, single, 
five radial, five bilateral, four radial, four 
bilateral, three, two, six, eight, ten, and 
twelve. In nature, insects encounter these 
“figure numerals” regularly as tri-, bi-, 
tetra-, penta-, hexa- and polymerous types 
among pleomorphic * and stereomorphic 
flowers. Being conditioned to these basic 
numeral patterns and remembering their 
size, color, and frequently also odor, a 
“literate,” let us say, pollinator can easily 
distinguish his nectar plants from hun- 
dreds of flower types displayed to him in 
a landscape and in a foraging area. The 
ability of insects to distinguish the above- 
described numeral patterns is evidenced so 
far by experiments, special tests, and field 
observations in honeybees, stingless wild 
bees (Melaponidae) and several tropical 
butterflies (Leppik, 1954, 1956). 

It should be noted here that in this se- 


3 Amorphic flowers are primitive clusters of 
discolored leaves, without particular form. 
Haplomorphic types are semispherical forms like 
Magnolia and Water-lily. Actinomorphic types 
have radiate symmetry. Pleomorphic type 
class includes bi-, tri-, tetra-, penta-, hexa-, octo- 
and oligomorphic forms, with distinctive figure 
numerals in flowers. Stereomorphic flowers 
have three-dimensional structure and szygo- 
morphic flowers have bilateral symmetry (Lep- 
pik, 1956, p. 256). 


quence of “figure numerals,” numbers 7, 
9, and 13 are absent. Obviously, such 
combinations, which cannot be arranged 
symmetrically so that they could be easily 
distinguished visually without counting, 
are not perceptible to insects. Plants, 
obedient to their insect “breeders” only 
very infrequently hold such “nude” num- 
bers in their flowers. Consequently, the 
numeral system of insects, in spite of its 
broad applicability to hundreds of com- 
binations, differs basically from all known 
numeral systems of man (Leppik, 1956). 

The fact that certain plant species, or 
even varieties, are discernible to pollinat- 
ing insects has been known at least since 
Aristotle (see transl. 1910) and is re- 
peatedly confirmed by appropriate experi- 
ments (see Grant, 1950b; Bateman, 1951; 
Leppik, 1951, 1954, 1955a; Werth, 1956; 
and others). But we cannot expect from 
insects such taxonomic knowledge in the 
anthropomorphic sense, as is sometimes 
erroneously indicated. Mather (1947) 
has good reason to argue that there is a 
range of similarity between forms at ara 
below the specific levels, over which dis- 
crimination by the bees is absent or im- 
perfectly developed. 

Actually, insects are neither capable of 
identifying plant species as taxonomic 
units in our sense, nor of discriminating 
interspecific and intervarietal groups of 
plants. Our taxonomic classification and 
species identification is based upon the 
phylogenetic relationships among plants, 
which are unknown to insects. But an- 
thophilous insects do recognize their food 
plants as definite “flower types,” no mat- 
ter whether these types embrace species, 
genera, varieties, or other taxonomic units. 
In nature, these types most abundantly 
coincide with definite species, less fre- 
quently with varieties or genera, leading 
observers sometimes to the erroneous idea 
that insects are capable of interspecific and 
intervarietal discrimination of plants. 
Floral ecologists have often shown that 
when two or more distinct species bear- 
ing the same type of flower are planted on 
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the same bed, pollinators will intermingle 
these species. 

From all these facts and arguments, it 
can be concluded that a flower is recog- 
nized by insects as a whole, which means 
more than a mere sum of all characteris- 
tics such as color, form, number of flower 
parts, size, and odor. In experiments, 
however, honeybees, wild bees, and wasps 
learn quickly to locate sugar syrup ac- 
cording to a single characteristic, such as 
color or odor. In nature, on the contrary, 
pollinators rarely encounter such simple 
combinations of floral characteristics. 
Flowers are not just formless colored or 
odorous spots on green vegetation, but 
rather, represent the finest combinations 
of colors, form, and symmetry. None- 
theless, every single flower type, if consid- 
ered as a whole, is clearly distinguishable 
even from a considerable distance. It is 
reasonable to assume, therefore, that from 
a distant view, a flower group appears as 
a colored patch that helps the pollinators 
to locate a foraging area. Upon reaching 
the area, the pollinators stay close enough 
to distinguish one flower type from an- 
other. Bees decide quickly which flower 
to choose, and then inspect each flower 
very closely, possibly to determine odor, 
nectar guides, and other special charac- 
teristics. Butterflies, on the contrary, 
spend considerable time in the air before 
descending to some single flower. 


THE ROLE oF POLLINATING INSECTS IN 
THE EVOLUTION OF FLOWER TYPES 


Much new information has accumulated 
during the past decades on the selective 
ability and activity of pollinating insects 
among flower types. In this brief re- 
view, however, no effort is made at com- 
plefe coverage of literature in question 
(see Koelreuter, 1761; Darwin, 1862; 
Mueller, 1876; Loew, 1884; Lovell, 1918; 
Small, 1919; Kugler, 1942, 1943, 1955; 
Werth, 1956, Hodges, 1952, 1955). Nor 
can the genetic approach to the problem, 
as promoted by Stebbins (1950), Grant 
(1949, 1950, 1952), Mather (1947, 1951), 
Bateman (1947, 1951), Straw (1955, 


the available material. 
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1956), and others, be discussed at length. 
Main emphasis will be placed on the evalu- 
ation of the newest research records on the 
evolutionary corelation between insects 
and flowers, as described elsewhere (Lep- 
pik, 1955a, 1956, 1957a, b). 

Recent investigations suggest that two 
types of selection are performed by in- 
sects among flowers. First they choose 
the most promising and structurally ac- 
cessible flower type for their permanent 
visits. Dancing honeybees recruit other 
fellow workers to their previously selected 
plant species and soon the whole bee 
colony is steadfast* to the same flower 
type in a foraging area. Bees, bumble- 
bees, and other specialized, mentally more 
developed pollinators ordinarily prefer 
plants of higher evolutionary levels, like 
legume plants and composites, and turn 
to lower flowering plants mainly in the 
case of food scarcity. Having once made 
their choice, steadfast pollinators remain 
long faithful to a single flower species, 
favoring a particular ethological isolation 
(Grant, 1949, 1950a, b) of certain types 
from one another. Such intraspecific se- 
lection and subsequent isolation must be 
an obvious advantage for the seed pro- 
duction and rapid expansion of certain se- 
lected species. 

A second type of selection is performed 
by pollinating insects among varieties and 
ecotypes of the same species, provided 
that some varieties have distinguishable 
characteristics and particular value for se- 
lecting insects. Insofar as a pollinator is 
capable of distinguishing some varieties, 
it tends to select the best food plants from 
This selection is 

4 Steadfast pollinators are conditioned to visit 
the same flower type at a given time, evidently 
after their previous choice. Constant pollinators 
are involuntarily bound to a single, a few, or 
many plant species during their lifetime. E. 
Loew calls them, respectively, monotropic, oligo- 
tropic, or polytropic visitors. According to this 
viewpoint, honeybees are polytropic because 
they are not bound with any special nectar plant. 
But they exhibit, nevertheless, a high rate of 
steadfastness to their previously chosen flower 


types, and so do many other pollinators (Leppik, 
1953b, p. 230, footnote; 1956, p. 234). 


HINT ERMAL 


PHYLOGENETIC 


TREND 


HOLOGENETIC TREND > 


Fic. 1. Presumptive interaction of internal and external factors on the 
course of evolution, as exemplified in the differentiation of flower types under 
the selective activity of pollinating insects. 


consequently directed instinctively by in- 
sects toward the improvement of plant ma- 
terial in an area and refinement of the 
biochemical composition of selected plant 
groups, as described elsewhere (Leppik, 
1955a, p. 49). Carrying pollen from one 
plant variety to another, insects uncon- 
sciously produce new combinations of 
genes and new idiotypes. But they can 
“consciously” select some of these new 
types for their continuous visits and fur- 
ther crossings as soon as these new types 
attract the attention of pollinators as bet- 
ter food plants. 

In their permanent search for better 
sources of food, insects become uncon- 
scious carriers of pollen and important 
plant “breeders.” Guided by inborn in- 
stincts, their many-sided selective activity 
is directed through numerous generations 
towards the same goal of getting better 
nectar plants, which are marked at the 
same time with more precise combinations 
of colors and symmetry. The same in- 
herited instincts drive myriads of individ- 
uals of the same species into a well co- 
ordinated selective work resulting in the 
development of special flower types, as 
described below. 

Even if an insect does not “breed’’ or 
“choose” in the anthropomorphic sense of 
the word, their instinctive activity never- 
theless results in a continuous “selection” 
among their food plants. On the level of 
innate reactivity to the visual stimuli, a 
definite flower may release in an insect 
more, or more complete, responses than 
others, which condition may cause insects 
to ‘‘select” one definite flower type for 


their continuous visits. Besides, a flower 
visitor can always learn that some flowers 
are provided with better nectar deposits 
and are more easily accessible than others. 
The steadfastness and the constancy * of 
pollinators are, therefore, most natural 
consequences of their selective ability and 
activity. 

Consequently, the most vital processes 
in the development of entomophilous 
plants, such as fertilization, seed produc- 
tion, and the selection of descendants, are 
controlled by insects, and the evolution of 
these plants is considerably influenced by 
the sensory behaviour of their pollinators. 
Insects pollination is therefore a very 
special type of natural selection, exercised 
by insects in search of better food plants. 
But it can be equally considered as a 
particular type of “sexual selection” 
whereby pollen collected from definite 
plants is transferred to the selected indi- 
viduals of the same species for subse- 
quent fertilization. In another paper this 
special type of selection is defined as 
“tropheclexis,” i.e., search of food con- 
nected with selection of better types of 
food plants (Leppik, 1955a, p. 49). 

In addition, many other regulating fac- 
tors of biotic, physical, and genetic na- 
ture affect the general trend of evolution 
as a biotic whole or “holon.” All these 
factors may be treated jointly under two 
groups: internal or phylogenetic (inheri- 
tance, new gene combinations, new idio- 
types) and external or hologenetic * fac- 


5 Hologeny is defined as a genesis and histori- 
cal development of the biotic whole or holon 
(Leppik, 1948a, b, 1953a, p. 67). 
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tors (physical and biotic environment, 
natural and sexual selection, tropheclexis, 
etc.). Both groups act independently of 
each other and are attempting to convey 
the evolution of organisms into different 
directions, which may be sketched as in 
figure 1. The evolution is therefore merely 
a result of these two trends, each com- 
posed of many factors, as defined and de- 
scribed in another paper (Leppik, 1955a). 
The present view is in accord with the 
morphological treatment of the flower as 
presented by C. L. Wilson and Just 
(1939) and the typological approach as 
summarized by Th. Just (1939, 1952). 


Basic FLOWER TYPES AND THEIR 
EVOLUTIONARY TRENDS 


A comparative study of contemporane- 
ous flower types reveals that there is a 
restricted number of more generalized 
basic forms and a great many of special- 
ized flowers than can be derived from ba- 
sic forms. Basic types are represented 
exclusively in phylogenetically older plant 
groups, whereas the derivatives are found 
mostly in the specialized flowers of higher 
evolutionary levels. 

According to their form and symmetry, 
six morphologically graded series or “type 
classes” can be established among flowers, 
as follows: amorphic * — haplomorphic — 
actinomorphic — pleomorphic — stereo- 
morphic — zygomorphic. This method of 
typological classification appears natural 
and corresponds to the main evolutionary 
sequence of flower types (see below). 

For instance, one needs only to take a 
sunflower head apart to see that a zygo- 
morphic ray floret is really a remolded 
stereomorphic tubulate flower, the later 
one being formed from an actinomorphic 
pentamerous type, which for its part has 
evolved obviously from a haplomorphic 
prototype (Small, 1919). In the butter- 


cup family (Ranunculaceae), this evolu- 
tionary sequence is clearly expressed in 
the floral structure of the ecologically 
highly specialized Superranunculae (Lep- 
pik, 1948b). A dissection of highly zygo- 
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morphic flowers of Aconitum and Del- 
phinium reveals the successive evolution 
step by step from a stereomorphic (such 
as <Aquilegia), pleomorphic, actino- 
morphic, haplomorphic, and finally from 
an amorphic prototype. In the pseudan- 
thium of Dichromena ciliata, an entomo- 
philous beakrush from the tropics, are 
demonstrated successive evolutionary 
trends from amorphic — haplomorphic — 
actinomorphic, and so on _  (Leppik, 
1955b). 

Still further evidence supporting the 
above projected evolutionary sequence of 
flower types can be obtained from the ob- 
vious parallelism between the evolution of 
flowers and sensory development of cer- 
tain insect pollinators, as described below. 

In a previous paper an attempt was 
made to arrange existing flower types ac- 
cording to their assumed historical devel- 
opment from more primitive and general- 
ized structures to the very specialized 
flowers of higher angiosperms (Leppik, 
1948a). It appeared appropriate to sub- 
divide the whole historical sequence of 
flower types into five or six successive 
periods, as described below. There is a 
good deal of conclusive evidence that dur- 
ing every one of these periods, a definite 
evolutionary level has been attained in the 
floral development, in which a corre- 
sponding morphological “type class” 
achieved its final form and shape. Once 
established and fixed genetically in some 
phylogenetical group or groups, a “type 
class” has obviously remained long with- 
out considerable change in its principal 
characteristics, but has split and _ special- 
ized into smaller typological units. As a 
matter of fact, all above mentioned “type 
classes” are still represented in the con- 
temporancous flowers, some of them hav- 
ing preserved their ancient characteristics, 
and others becoming rather modern and 
specialized. 

Later on this scale of floral differentia- 
tion has been used for testing sensory ca- 
pabilities of different groups of insect pol- 
linators in various geographical areas and 
climatical zones. <A striking correlation 
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has been established in this study between 
the graded series of floral differentiation 
and increasing sensory abilities of pollina- 
tors to distinguish the above mentioned 
and below described “type classes” of 
flowers. The six observable levels in 
floral differentiation correspond to six de- 
terminable stages in the sensory develop- 
ment of insects, as sketched roughly in 
figure 3, and described in another report 
(Leppik, 1957). 

After some terminological corrections 
and a few changes in its structure, the 
above-mentioned preliminary schema of 
floral differentiation is presented here in 
more proper form for further criticism 
and for possible practical application by 
students of evolution. It became neces- 
sary to separate numerate flower types 
from a very expansive radiate level and 
to join accordingly all types with a defi- 
nite number of semaphylls*® (petals, se- 
pals, ray flowers, etc.) into a separate 
type class of pleomorphic flowers. This 
type class corresponds to the numerate 
stage in the sensory development of cer- 
tain insect pollinators, being characterized 
by the determinable ability grade of these 
insects to distinguish figure numerals 
(Leppik, 1956). 

In figure 2, the six evolutionary levels 
are marked from the bottom to the top 
with Roman numbers I-VI. Main pro- 
gressive trends are indicated by arrows 
pointing upward. Arabic numbers indi- 
cate parallel trends in various phylogen- 
tic plant groups such as Monocotyledones, 
Tubiflorae, Campanulaeae, Compositae, 
and Ranales. 

(1). The primitive level at which 
amorphic flowers do not yet possess any 
special symmetry or particular colors. A 
6 Trophosemeions (rpogds = food, onua, onpeiov 
=mark, sign) or “food marks” are colored 
petals, upper leaves, bracts, etc., which help pol- 
linators to locate food plants. They are com- 
posed of “semaphylis,” in contrast to sporophylls 
—the stamens and pistils of ordinary flowers. 
Trophosemeions are different from “nectar 
guides,” which are special pointers of nectar 


deposits inside of flowers (Leppik, 1956, p. 236- 
240). 
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primitive flower consists of an unre- 
stricted number of stamens and pistils, 
sometimes surrounded by a number of 
bracts or discolored upper leaves. It does 
not need any special sensory abilities of 
pollinators to distinguish such primitive 
flowers from common leaves of plants. 
Primitive flowers cannot offer much 
sweetness to their visitors, and they are 
commonly exploited by unskilled pollina- 
tors. Although this primitive type is not 
very common among recent plants, it is 
obvious that first entomophilous angio- 
sperms must necessarily have possessed 
flowers with such similar primitive char- 
acteristics. Such primitive types appear 
also when a wind-pollinated plant second- 
arily becomes entomophilous (see Di- 
chromena, Salix, Mimosa, and other ex- 
amples, Leppik, 1955b). 

According to a suggestion made in a 
recent letter to this writer by Dr. R. B. 
Gordon, Curator of the Darlington Her- 
barium in West Chester, Pennsylvania, 
this ancestral type class of amorphic flow- 
ers could be called also “paleomor phic.” 

(11). The stmple level with an haplo- 
morphic arrangement of petals, if any, and 
simple colors like yellow, white, or green- 
ish. These flowers are visited mainly by 
beetles and flies, whose mental abilities do 
not reach much higher from their simple 
stage of development. Magnolia, Lirio- 
dendron, Nelumbo, Nymphaea and other 
phylogenetically primitive genera of the 
order Ranales have flowers of such simple 
level. 

(III). The third radiate level is char- 
acterized by an actinomorphic or radiate 
symmetry. Flower parts are arranged in 
one level with stamens, pistils and nectar 
deposits. Flowers of this level frequently 
have pure colors, like white, yellow, blue, 
red, and so on. There is substantial evi- 
dence that these flower types evolved dur- 
ing a time when the main groups of pol- 
linators reached the third stage of their 
sensory development, which includes the 
ability to distinguish colors other than 
green, white, and yellow, and patterns of 
radiate symmetry. 
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tors (physical and biotic environment, 
natural and sexual selection, tropheclexis, 
etc.). Both groups act independently of 
each other and are attempting to convey 
the evolution of organisms into different 
directions, which may be sketched as in 
figure 1. The evolution is therefore merely 
a result of these two trends, each com- 
posed of many factors, as defined and de- 
scribed in another paper (Leppik, 1955a). 
The present view is in accord with the 
morphological treatment of the flower as 
presented by C. L. Wilson and Just 
(1939) and the typological approach as 
summarized by Th. Just (1939, 1952). 


Basic FLOWER TYPES AND THEIR 
EVOLUTIONARY TRENDS 


A comparative study of contemporane- 
ous flower types reveals that there is a 
restricted number of more generalized 
basic forms and a great many of special- 
ized flowers than can be derived from ba- 
sic forms. Basic types are represented 
exclusively in phylogenetically older plant 
groups, whereas the derivatives are found 
mostly in the specialized flowers of higher 
evolutionary levels. 

According to their form and symmetry, 
six morphologically graded series or “type 
classes” can be established among flowers, 
as follows: amorphic * — haplomorphic —> 
actinomorphic — pleomorphic — stereo- 
morphic — zygomorphic. This method of 
typological classification appears natural 
and corresponds to the main evolutionary 
sequence of flower types (see below). 

For instance, one needs only to take a 
sunflower head apart to see that a zygo- 
morphic ray floret is really a remolded 
stereomorphic tubulate flower, the later 
one being formed from an actinomorphic 
pentamerous type, which for its part has 
evolved obviously from a haplomorphic 
prototype (Small, 1919). In the butter- 


cup family (Ranunculaceae), this evolu- 
tionary sequence is clearly expressed in 
the floral structure of the ecologically 
highly specialized Superranunculae (Lep- 
pik, 1948b). A dissection of highly zygo- 
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morphic flowers of Aconitum and Del- 
phinium reveals the successive evolution 
step by step from a stereomorphic (such 
as Aquilegia), pleomorphic, actino- 
morphic, haplomorphic, and finally from 
an amorphic prototype. In the pseudan- 
thium of Dichromena ciliata, an entomo- 
philous beakrush from the tropics, are 
demonstrated successive evolutionary 
trends from amorphic — haplomorphic — 
actinomorphic, and so on _  (Leppik, 
1955b). 

Still further evidence supporting the 
above projected evolutionary sequence of 
flower types can be obtained from the ob- 
vious parallelism between the evolution of 
flowers and sensory development of cer- 
tain insect pollinators, as described below. 

In a previous paper an attempt was 
made to arrange existing flower types ac- 
cording to their assumed historical devel- 
opment from more primitive and general- 
ized structures to the very specialized 
flowers of higher angiosperms (Leppik, 
1948a). It appeared appropriate to sub- 
divide the whole historical sequence of 
flower types into five or six successive 
periods, as described below. There is a 
good deal of conclusive evidence that dur- 
ing every one of these periods, a definite 
evolutionary level has been attained in the 
floral development, in which a corre- 
sponding morphological “type class” 
achieved its final form and shape. Once 
established and fixed genetically in some 
phylogenetical group or groups, a “type 
class” has obviously remained long with- 
out considerable change in its principal 
characteristics, but has split and special- 
ized into smaller typological units. As a 
matter of fact, all above mentioned “type 
classes” are still represented in the con- 
temporaneous flowers, some of them hav- 
ing preserved their ancient characteristics, 
and others becoming rather modern and 
specialized. 

Later on this scale of floral differentia- 
tion has been used for testing sensory ca- 
pabilities of different groups of insect pol- 
linators in various geographical areas and 
climatical zones. A striking correlation 
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has been established in this study between 
the graded series of floral differentiation 
and increasing sensory abilities of pollina- 
tors to distinguish the above mentioned 
and below described ‘‘type classes” of 
flowers. The six observable levels in 
floral differentiation correspond to six de- 
terminable stages in the sensory develop- 
ment of insects, as sketched roughly in 
figure 3, and described in another report 
(Leppik, 1957). 

After some terminological corrections 
and a few changes in its structure, the 
above-mentioned preliminary schema of 
floral differentiation is presented here in 
more proper form for further criticism 
and for possible practical application by 
students of evolution. It became neces- 
sary to separate numerate flower types 
from a very expansive radiate level and 
to join accordingly all types with a defi- 
nite number of semaphylls* (petals, se- 
pals, ray flowers, etc.) into a separate 
type class of pleomorphic flowers. This 
type class corresponds to the numerate 
stage in the sensory development of cer- 
tain insect pollinators, being characterized 
by the determinable ability grade of these 
insects to distinguish figure numerals 
(Leppik, 1956). 

In figure 2, the six evolutionary levels 
are marked from the bottom to the top 
with Roman numbers I-VI. Main pro- 
gressive trends are indicated by arrows 
pointing upward. Arabic numbers indi- 
cate parallel trends in various phylogen- 
tic plant groups such as Monocotyledones, 
Tubiflorae, Campanulaeae, Compositae, 
and Ranales. 

(1). The primitive level at which 
amorphic flowers do not yet possess any 
special symmetry or particular colors. A 


6 Trophosemeions (rpogds = food, onua, onpueior 
=mark, sign) or “food marks” are colored 
petals, upper leaves, bracts, etc., which help pol- 
linators to locate food plants. They are com- 
posed of “semaphylls,” in contrast to sporophylls 
—the stamens and pistils of ordinary flowers. 
Trophosemeions are different from “nectar 
guides,” which are special pointers of nectar 
deposits inside of flowers (Leppik, 1956, p. 236- 
240). 


primitive flower consists of an unre- 
stricted number of stamens and pistils, 
sometimes surrounded by a number of 
bracts or discolored upper leaves. It does 
not need any special sensory abilities of 
pollinators to distinguish such primitive 
flowers from common leaves of plants. 
Primitive flowers cannot offer much 
sweetness to their visitors, and they are 
commonly exploited by unskilled pollina- 
tors. Although this primitive type is not 
very common among recent plants, it is 
obvious that first entomophilous angio- 
sperms must necessarily have possessed 
flowers with such similar primitive char- 
acteristics. Such primitive types appear 
also when a wind-pollinated plant second- 
arily becomes entomophilous (see Dr- 
chromena, Salix, Mimosa, and other ex- 
amples, Leppik, 1955b). 

According to a suggestion made in a 
recent letter to this writer by Dr. R. B. 
Gordon, Curator of the Darlington Her- 
barium in West Chester, Pennsylvania, 
this ancestral type class of amorphic flow- 
ers could be called also “paleomor phic.” 

(II). The stmple level with an haplo- 
morphic arrangement of petals, if any, and 
simple colors like yellow, white, or green- 
ish. These flowers are visited mainly by 
beetles and flies, whose mental abilities do 
not reach much higher from their simple 
stage of development. Magnolia, Lirio- 
dendron, Nelumbo, Nymphaea and other 
phylogenetically primitive genera of the 
order Ranales have flowers of such simple 
level. 

(IIL). The third radiate level is char- 
acterized by an actinomorphic or radiate 
symmetry. Flower parts are arranged in 
one level with stamens, pistils and nectar 
deposits. Flowers of this level frequently 
have pure colors, like white, yellow, blue, 
red, and so on. There is substantial evi- 
dence that these flower types evolved dur- 
ing a time when the main groups of pol- 
linators reached the third stage of their 
sensory development, which includes the 
ability to distinguish colors other than 
green, white, and yellow, and patterns of 
radiate symmetry. 
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Fic. 2. Observable trends in the evolution of flower types. I level: 
amorphic types (“paleomorphic” according to R. B. Gordon, see in text) ; 
II level: haplomorphic types; III level: actinomorphic types; IV level: 
pleomorphic types; V level: stereomorphic types; VI level: zygomorphic 
types of bilateral symmetry. Assumable phylogenetic trends are indicated 
by Arabic numerals: 1—2—-+3-— 4 etc. (Rearranged scheme from a 


former paper: Leppik, 1955a.) 


(IV). The numerate level is character- 
ized by the appearance of distinctive fig- 
ure numerals in flower types. Former 
radiate flowers begin to reduce the num- 


ber of petals and fix them to 3, 4, 5, 6, 
8, 10 etc. In some former sketches, nu- 
meroid types have been included in the 
radiate level, but it seems more natural 
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to segregate them into a separate level, 
and pleomorphic type class. 

(V). The fifth “protected” level of the 
evolution of flower types includes stereo- 
morphic flowers with protected nectar de- 
posits. This structure requires in their 
pollinators an ability to distinguish three- 
dimensional patterns in order to locate the 
nectar in the depth of the flower. Colors, 
symmetry, and “figure numerals” are 
similar to the IV level. 

(VI). The highest level in the floral 
development contains many special types 
of zygomorphic flowers. All these very 
specialized types have in common their bi- 
lateral symmetry, variegated but harmoni- 
ous combinations of colors, and the finest 
odors. According to present knowledge, 
this superior level of flowers corresponds 
to the highest stage in insects, that of rec- 
ognizing bilateral symmetry. 

This evolutionary sequence, however, is 
in agreement with the recent view about 
the phylogenetic development of angio- 
sperms. It is generally believed that 
apetalous groups are derived from peta- 
liferous ones, that numerous floral parts 
of each kind are more primitive than few 
parts, that apopetaly is more primitive 
than sympetaly, that hypogyny is more 
primitive than perigyny or epigyny, that 
separate and distinct parts of all kinds are 
more primitive than either adnation or 


connation, and that each of these changes 
has taken place independently in several 
groups (Bessey, 1915; Hutchinson, 1926; 
Cronquist, 1951, p. 15). 


THE PHENOMENA OF CONVERGENCY AND 
RECAPITULATION IN FLORAL 
EvoLuTION 


In the above-outlined standard scheme 
of floral evolution, only basic flower types 
of six subsequent levels are described and 
pictured in figure 2. Such evolutionary 
sequence is especially well represented in 
Ranunculaceae, including haplomorphic 
(Paeonia), actinomorphic (Anemone, 
Ranunculus), pleomorphic (numerous 
species), stereomorphic (Aquilegia) and 
zygomorphic (Aconitum) types of five 
subsequent levels in a single family (Lep- 
pik, 1948b). An analogous broad holo- 
genetic amplitude can be observed also in 
Liliiflorae, an order which includes repre- 
sentatives of four type classes. All other 
orders and families of angiosperms are 
restricted to one or two type classes, and 
only seldom reach the third class ( Leppik, 
1955a, fig. 5). 

Beside the two main trends in the floral 
evolution of Dicotyledoneae and Monoco- 
tyledoneae, there are many cases of con- 
vergency and _ parallel developments, 
where analogous flower types have been 
evolved in various phylogenetically unre- 


Vi 


bilateral 


Ability of Insects to Distinguish 
Ex 
Flower Types Characters of Flowers sliola lela 


Zygomorphic Types. Combined characters of IV 
level, Odors and bilateral symmetry 


radiate 


V 


inite size 


Radiate Types. Definite numbers, all colors, def- 


Protected Types. Al! characters of III level and 
third dimension 


Bees 


Il Simple Types. Nv definite numbers, simple colors, 
simple without definitive symmetry 

I Primitive Types. Flowers without definite colors 
primitive and symmetry 


Fic. 3. Relative ability ranges (black) of various groups of anthophilous insects to 
distinguish flower types of definite evolutionary levels (I-VI). 


{ 
4 
at 
14 
{ 
Levels 
© 
StS 
| 
| 
| 


474 


lated plant groups. Particularly rich in 
such examples are radiate and protected 
evolutionary levels, including numerous 
actinomorphic, pleomorphic, and _ stereo- 
morphic types of striking similarity in 
most various plant groups. In most cases 
of convergency, some common pollinator, 
or at least insects with similar instincts or 
of the same stage of sensory development, 
might be suspected to have played a role 
in “selecting” and “breeding” analogous 
types in unrelated plant groups. 

Following are some examples of a con- 
vergent evolution among flower types. 

Dichromena ciliata Vahl represents an 
entomophilous trend among wind polli- 
nated Cyperaceae. This white beak-rush 
has an established relation with tropical 
insects and developed secondarily a showy 
white “pseudanthium,” formed by involu- 
crated upper leaves. The effect of this 
imitated “flower” is striking, and the 
plant is frequently visited by stingless 
wild bees (Meliponidae), bumblebees, 
and honeybees (Leppik, 1955a, b). 

Among the varieties of Dichromena cili- 
ata are less developed haplomorphic types, 
others with well established radiate sym- 
metry, and some which bear constantly 
five white leaves in their involucres. The 
development from haplomorphic to actino- 
morphic and from polyphyllous to penta- 
phyllous structures is well demonstrated, 
which tendency corresponds to the gen- 
eral trend of floral evolution, as pictured 
in figure 2. 

Lantana camara L. is a tropical mem- 
ber of the Verbenaceae with a remarkable 
tendency to arrange its flowers into a ra- 
diate inflorescence, imitating an actino- 
morphic type of a single flower. The cen- 
tral flowers differ from the peripheral 
ones by color, the latter being arranged in 
some varieties like petals (Leppik, 1954, 
p. 158, photo 3, right). 

Numerous further progressive trends 
are exemplified in specialized flower types 
which are pollinated by some definite 
group of insects. These trends occur fre- 
quently among stereomorphic and zygo- 
morphic flowers, and are correlated with 
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the sensory development of their pollina- 
tors. Well known examples are so-called 
bumblebee flowers, which are bilaterally 
symmetrical, such as Aconitum, Delphin- 
ium, Aquilegia, Iris, and Antirrhinum. 

Some North American species of the 
normally pleomorphic genus Rhododen- 
dron, which are pollinated here by bum- 
blebees, tend to develop slightly zygo- 
morphic flowers, marked with a yellow 
“bumblebee spot” on the upper petals. 

Another remarkable phenomenon in the 
evolution of flower types is a recapitula- 
tion of the above described main historical 
sequence of floral differentiation in some 
phylogentically restricted plant groups. 
Frequently the entire evolutionary se- 
quence of the angiosperms (amorphic > 
haplomorphic — actinomorphic — pleo- 
morphic — stereomorphic — zygomor- 
phic), which occurred during several geo- 
logic eras, is repeated in a new form over 
a relatively short period of time, such ‘as 
represented in the capitulum of the Com- 
positae, cyathium of the Euphorbiaceae, 
etc. 

Various regressive and rudimentary 
organs, such as deformed upper leaves, 
bracts, involucres, functionless stamino- 
dia, sterile outer flowers in an inflores- 
cence, and sometimes even ordinary leaves 
may initiate a new evolutionary departure. 
From this scanty material, most colorful 
structures are formed, step by step, such 
as the showy upper portion of Poinsettia, 
and prominent white bracts of Cornus 
florida. Further examples are: attractive 
pseudanthium of Dichromena ciliata, vari- 
ously colored synanthia (heads) of Com- 
positae, petal-like staminodia of Canna 
and brightly colored flowering shoots of 
Bougatnvillaea. Whatever the origin of 
these new structures, in their final stage 
of development they all exhibit a striking 
resemblance to a true flower. Moreover, 
these secondarily developed imaginary 
flowers fulfill now the ecological function 
of true flowers, attracting by their form 
and color the attention of insect pollina- 
tors. 

A detailed analysis of these flower-like 
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structures reveals their evolutionary trend 
from the amorphic arrangement of initial 
leaves or bracts to the haplomorphic and 
actinomorphic types, with an observable 
tendency toward pleomorphism, stereo- 
morphism, and zygomorphism. Further- 
more, a noticeable parallelism exists be- 
tween the evolution of these imaginary 
flowers and the phylogenetic sequence of 
their bearers (Leppik, 1955a). In this 
case, it would be extremely difficult to 
explain how some plant leaves, bracts, or 
stamens recapitulate hurriedly the whole 
course of floral evolution and become 
showy parts of a flower. But by taking 
into consideration the sensory capabilities 
and innate behavior patterns of insect 
pollinators, the whole course of floral 
evolution appears simple and natural. 
According to the present theory an ac- 
celerated evolutionary development among 
flower types may take place when a plant 
group is exposed to insect pollinators 
whose sensory development has reached 
a higher stage than the corresponding 
evolutionary level of the flowers (see 
above). In this case pollinators instinc- 
tively select ecotypes and possible mu- 
tants from the available material, whose 
color, form or size seems to them closer 
to the types to which they are innately 
conditioned. Real differences in these 
flowers in the beginning may be very 
small but nevertheless perceptible to the 
insect eye, such as variations in color, 
form, size, symmetry, and odor. When 
these morphological differences are ac- 
companied by a noticeably better nectar 
or pollen supply, or are more easily ac- 
cessible to certain pollinators, the latter 
may remain steadfast to these varieties for 
a long time. An intensive crossing and 
mixing of pollen among definite varieties 
produces an abnormal number of new 
idiotypes, which are displayed to the pol- 
linators for further selection. From such 
polymorphic material it is possible for 
certain pollinators to select definite types 
they prefer for one reason or another. 
Among entomophilous plants there are 
numerous concrete examples for such pro- 


gressive floral evolution and some few 
cases of a retrogressive trend, as pointed 
out above and described elsewhere (Lep- 
pik, 1954, 1955a, b, 1956). Degeneration 
of petals and semaphylls is a common con- 
sequence of a secondarily introduced ane- 
mophily among flowering plants. Ex- 
change of specialized pollinators to some 
mentally less developed groups of insects 
results in an observable regression in 
floral structure. Zygomorphic types may 
revert to stereomorphic and actinomor- 
phic to haplomorphic, and so on. Such 
examples occur quite frequently among 
Compositae, Ranunculaceae, Euphorbia- 
ceae, and in many other families. 


A CONJECTURAL SENSORY MECHANISM 
oF ANTOPHILOUS INSECTS 


In all probability there are definite se- 
ries of inborn instincts and inherited re- 
flexes in anthophilous insects, which func- 
tion automatically as responses to the 
visual stimuli produced by certain flower 
types. Some reactions in these insects 
seem to be acquired as a result of experi- 
ence “learning,” and could be classified as 
conditioned reflexes. Obviously such con- 
ditioned reflexes, produced by some visual 
stimulus repeatedly over a long period 
of time, become finally established in the 
nervous system of insects as inherited re- 
flexes. Many reflexes are known to be 
interrelated, so that a reaction to a certain 
stimulus may act as a stimulus for a sec- 
ond reflex, this for a third one, and so on 
until the full series of definite actions is 
completed. In many other cases compli- 
cated sensory processes occur for which 
no explanation is proposed. But every 
process which occurs even once must have 
a mechanism, whether we understand it 
or not (Huxley, 1942, p. 509). 

Though the specific sensory mecha- 
nisms are not yet established experimen- 
tally, the existence of such a clockwork in 
anthophilous insects is nevertheless well 
evidenced by the particular behavior and 
instinctive activity of this group of insects. 
Thus it is possible to advance, with con- 
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siderable accuracy, a reliable explanation 
of the functions of this mechanism, as de- 
scribed below. In this paper we want to 
define such mechanism as a combination 
of certain sensory processes which result 
in a definitely co-ordinated physical activ- 
ity of insects. We tend to call this sen- 
sory mechanism “conjectural” in order to 
stress its specific presumptive nature and 
to distinguish it from the general mecha- 
nistic concept, such as “a mechanism of a 
clock”’ (see the definition of “‘mechanism” 
in Webster’s Intern. Dictionary ). 

A classic example of such stereotypic 
series of instinctive activities of anthophi- 
lous insects can be seen in the behavior of 
the Pronuba moth, as described already 
by Aristotle and quoted now in most text 
books of general biology. Pollination of 
many other entomophilous plants is an 
equally complicated process, which re- 
quires a high degree of innate capabilities, 
and existence of a regulating sensory 
mechanism in their pollinators. 

Some very specialized pollinators take 
no food from flowers, but are guided by 
their mating instincts, which in some in- 
sects are unusually strong and complex. 
A well known example is the pseudocopu- 
lation between certain wasps and orchids. 
Several species of Ophrys and Crypto- 
stylis are visited and pollinated by male 
wasps for the striking resemblance of 
these flowers to female insects. During 
mating, male insects fly from flower to 
flower, being attracted mostly by varieties 
and possible mutants among orchirds with 
certain resemblance to female insects, 
which are not yet born at that time. Not 
finding true females, deceived males fi- 
nally pseudocopulate with some flowers, 
pollinating unconsciously these orchids 
with heterogenous pollen. No wonder, 
therefore, that in such unusual circum- 
stances the evolution of the above-men- 
tioned orchids is turned toward strange 
insectiferous forms, such as represented 
by Ophrys msectifera L. This strange 
phenomenon was first described by Pou- 
yanne (1916) from North Africa, by 
Coleman (1928) from Australia, by Wolf 
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(1950) and Kullenberg (1952) from 
Europe (see also Ames, 1937). 

Existence of a further sensory mecha- 
nism, which tends to direct the evolution 
of flower types in a predetermined direc- 
tion, has been ascertained recently in 
honeybees, bumblebees, stingless wild 
bees, tropical butterflies, and seems to be 
inherent in many other insect groups. 
Though the mechanism itself is not yet 
fully explained, its existence and function- 
ing are well demonstrated by the particu- 
lar behavior of these insects. It is further 
evidenced by the actual trends of floral 
evolution, which can be traced back 
through several geological eras (Leppik, 
1953b, 1955a, 1956). This mechanism 
has evolved gradually in pollinating in- 
sects, apparently parallel with the differ- 
entiation of flower types. In its lower 
stages, this mechanism is functioning ana- 
logically in many insect groups, but be- 
comes more specialized in the higher 
stages of its development. In _ higher, 
specialized pollinators it consists now of 
six successive stages which can be deter- 
mined as six ability grades of these in- 
sects to distinguish six main type classes 
and a number of specialized forms of 
flowers, as described above. In mentally 
less evolved insect groups, this mechanism 
is simpler, consisting only of some lower 
grades of the sequence. 

This classificatory mechanism must of 
necessity consist of a definite series of 
sensory processes which are similar in 
many insect groups whose food searching 
activity is restricted mainly to flowers. 
In the early beginning this mechanism 
could have been fixed as a response to a 
primitive visual stimulus, produced by an 
amorphic aggregation of yellow stamens 
on a green or whitish background of 
upper leaves, which reflex has guided 
these pollinators to the ancient paleomor- 
phic flowers. It is obvious that some va- 


rieties or ecotypes among those primitive 
flowers with more intensive colors and 
more regular symmetry must have pro- 
duced a stronger stimulus and released 
more complete reflexes in insects than 
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other flowers. Such variations must have 
challenged primitive pollinators to a con- 
tinuous selection of “better” types among 
flowers, in particular when the coloration 
and symmetry has concurred with a 
higher nectar or sugar content of those 
flowers. A gradual differentiation of the 
next haplomorphic type class must have 
resulted from such a selection, and sev- 
eral new reflexes added to the sensory 
mechanism of those primitive pollinators. 
Still additional stimuli were needed to 
awaken a sense for two-dimensional sym- 
metry in insects, which was necessary for 
the recognition of the third, actinomorphic 
type class of radiate flowers. New com- 
binations of form, symmetry, and colors 
in flowers must have stimulated insects 
for further progressive development. 
Step by step, responses to figure nu- 
merals, third dimension, and finally to bi- 
lateral symmetry must have been added 
as successive stages for the development 
of the sensory mechanism in anthophilous 
insects. This main trend of the sensory 
evolution of insects is reflected in the 
floral differentiation from the amorphic 
to haplomorphic, actinomorphic, pleomor- 
phic, stereomorphic, and zygomorphic 
tvpe classes, as pictured in figure 2. 
Under the existing conditions, this evo- 
lutionary sequence is probably the only 
possible course of development for both 
insects and plants. Such a mutual evo- 
lution of insects and plants makes both 
participants highly interdependent. Ex- 
cept for some retrogressive trends, there 
seems to be only one logical way for the 
progressive expansion of simple reflexes 
into more complicated sensory processes 
enabling the insect to distinguish two- 
dimensional flower types, numeroid, 
three-dimensional and finally the forms of 
bilateral symmetry. The floral differen- 
tiation from the elementary amorphic ma- 
terial to the haplomorphic, actinomorphic, 
pleomorphic, stereomorphic, and _ finally 
to the zygomorphic types, seems equally 


natural. Such successive development of 


flower types is also in accord with the 
progressive genetical variability of flower- 


ing plants, such as production of new 
mutants resembling the next higher (or 
lower) type class. The genuineness of 
this evolutionary sequence is evidenced 
further by its parallel occurrence in nu- 
merous genetically unrelated plant and in- 
sect groups. 

Once established and fixed genetically, 
these sensory mechanisms must function 
continuously through centuries, govern- 
ing the behavior of anthophilous insects. 
Every additionally adapted process must 
necessarily increase the corresponding ca- 
pability grade of insects to distinguish 
flowers of the next higher type class. 
Consequently the less evolved insects must 
be attracted ordinarily by lower, and the 
more evolved by higher type classes, 
which is of course in accord with well es- 
tablished facts. Such stereotyped behav- 
ior of anthophilous insects is obviously an 
important regulating mechanism, which 
tends to direct the selective activity of 
pollinators and subsequently the evolution 
of flower types in a definite predetermi- 
nated trend. 

Field observations have shown that pol- 
linators commonly are most attracted by 
the flowers of highest possible type class 
accessible to them, and that they select 
such classes from the available material 
for their permanent visits. Once stead- 
fast on a certain type, they tend to pick 
up varieties and ecotypes which are closer 
to the next higher type class (‘eppik, 
1954, 1957b, 1956.) These insects seem 
to perceive instinctively that a_ higher 
“rank” of flowers, according to “nomen- 
clature” of their own, means a_ better 
source of food, which perception is of 
course in accord with the biochemical 
evolution of flowering plants. 

In these circumstances the above de- 
scribed evolutionary sequence must nec- 
essarily be valid also in the development 
of the present-day flower types. Recent 
investigations show that this supposition 
is not only well-grounded in its general 
trend, but is also convincingly evidenced 
in numerous special cases. Recapitula- 
tion of this sequence is well demonstrated 
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in the differentiation of flower heads of 
the Compositae (see above), of secondary 
flowers of the Euphorbiaceae, of pseudan- 
thium of the Dichromena ciliata (Leppik, 
1955b), and in many other cases. 

It is convincingly evident that insects 
cannot remember an unrestricted number 
of flower types, or even as many as are 
displayed to them in a local flora at a 
time. Actually they need to know only a 
series of three or four out of six basic 
patterns, which represent six main type 
classes of flowers. These basic patterns 
are repeated again and again in different 
size and color in numerous plant groups. 
Frequently symmetrically similar flower 
types are marked by figure numerals or 
by distinctive odors. For that reason va- 
rious local floras, in spite of their differ- 
ent taxonomic composition, exhibit an un- 
expected resemblance in their basic types, 
even in such distant areas as the arctic 
and tropics on the Eurasian, American, 
and African continents. In their special- 
ized types these floras show, of course, a 
greater variability. Several comparative 
studies of the writer in these areas have 
shown a proper correlation between the 
pollinating insects and distribution of 
flower types. It depends mainly on the 
dominant groups of local pollinators and 
on the stage of their sensory development 
which flower types prevail in a flora. 


SomME CONCLUSIONS 


Taking the above described facts and 
findings under consideration, some con- 
clusions can be deduced, as follows. 

It is evident now that certain. anthophi- 
lous insects have developed during their 
long sensory evolution a perfect order of 
special symbols and figure numerals as 
well, which they are able easily to remem- 
ber and readily to distinguish from one an- 
other. As a result of an extensive selec- 
tion, performed by pollinating insects, 
these symmetrical patterns became grad- 
ually fixed in definite flower types, where 
they continued to evolve parallel with the 
progressive sensory development of their 
pollinators. In keeping with the generally 
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accepted terms, such as the “language” 
and “dances” of bees, the above described 
system might well be designated as an 
“alphabet” and “numeral system” of in- 
sects, in an allegoric sense. By mastering 
this “alphabet,” a “litterate” let us say, 
insect is able to distinguish hundreds of 
plant species from one another, and to 
recognize its hidden food resources from 
a considerable distance. 

This “alphabet” is not an assumption 
or theory, but rather a_ well-established 
system of directly observabie patterns in 
nature. To master this “alphabet” means 
for anthophilous insects a not less impor- 
tant chance for survival than the com- 
mand of “language” for social insects. As 
a matter of fact, all nectar deposits, which 
may vary in quantity and quality, as well 
as all pollen stores in flowers are marked 
with one of these symbols. In addition 
these symbols indicate how to reach nec- 
tar deposits that are hidden in stereomor- 
phic and zygomorphic flowers, frequently 
behind long and labyrinthic passageways. 
Knowing a necessary number of these 
symbols, an “experienced” pollinator can 
easily orient himself among the multitude 
of food plants and estimate the food value 
and accessibility of every flower in ad- 
vance. In this way he can save much 
time and energy that would otherwise be 
needed for examination of every single 
flower. It is safe to say that even a very 
slight saving of time and energy becomes 
in the aggregate of great importance for 
the survival of a species as a whole. 

To the student of ecology and evolution, 
the deciphering of the “alphabet” of an- 
thophilous insects is not less challenging 
than the lately discovered “sign language” 
of honeybees. It offers quite new oppor- 
tunities to study the evolutionary relation- 
ship between plants and insects, and to 
comprehend in general the life and evolu- 
tion in its higher levels during the age of 
angiosperms. 

In this paper an attempt was made to 
parallel the floral differentiation of angio- 
sperms with the sensory development of 
certain insect pollinators. This parallel- 
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ism is clearly reflected in the evolution of 
semaphylls (Leppik, 1956, p. 452), the 
showy parts of flowers designed for the 
attraction of pollinating insects. Sut 
there is much temptation also in_ the 
method of V. Grant (1950a) to study the 
evolution of sporophylls, particularly the 
development of an inferior ovary as a pro- 
tective device against devouring insects. 
In both these cases insects and flowers 
are mutually interrelated in evolution, as 
In this mu- 
ways of 


reciprocal selective factors. 
tualism, 
interaction are 
synagonistic and an antagonistic. 
gonistic mode of interaction results from 
a perfect synagonism 
insects and plants, as consumers and pro- 
This cooperation is highly ad- 


inverse 
follows: a 
Syna- 


however, two 


involved, as 


or cor perati n ot 


ducers. 
vantageous or even a necessity for the 
existence of both participants, providing 
thus an important precondition for a mu- 
tual adaptation of insects and plants to 
one another. An antagonistic trend, on 
the contrary, leads to the development ot 
protective devices in plants against certain 
devouring insects. Since these insects 
tend to select for their meals flowers v 

less protected and more easily accessi)| 
ovaries, such selection has a reverse et- 
fect on plant evolution. but any antago- 
nistic activity may turn over to synago- 
nism as soon as such activity will have a 
mutual signifi- 
cance for both participants, as in the case 


value and evolutionary 


of Pronuba yucasella, 


SUMMARY 


Systematic study and classification of 
flower types have revealed several observ- 
able trends in floral development. Mor- 
phologically graded series of recent flow- 
ers can be correlated with the general evo- 
lutionary trend of flowering plants. <A 
further correlation between the evolution 
of flower types and the development of 
some sensory capabilities of pollinating in- 


7 Synago (evvayw) means to lead, drive, bring 
together. Antagonism (avraywrfoua) is oppo- 
sition, counteraction, opposite meaning to syr- 


agonism. 
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sects is demonstrated by several concrete 
examples. 

On the basis of these facts and findings 
a new view is emerging which sees in the 
food searching activity of pollinating in- 
sects an important selective factor which 
tends to keep the evolution of flowering 
plants in a _ predeterminated sequence. 
According to a recent theory, discussed 
in a previous report (Leppik, 1956), defi- 
nite stages in the sensory development of 
pollinating insects must necessarily be re- 
flected in corresponding levels in the evo- 
lution of flower types. In this paper, six 
distinguishable levels in the evolution of 
flower types are paralleled with the cor- 
responding six stages of sensory develop- 
ment of pollinating insects, as shown in 
figures 2-3. 

In addition, a presumptive 
mechanism is discussed which obviously 


sensory 


governs the food searching instincts of 
anthophilous insects and regulates their 
selective activity among flowers. Exist- 
ence of such conjectural mechanism is 
adequately demonstrated in the orderly 
process of selection by these insects, which 
ictivity causes flower types to evolve in 

certain, consecutive sequence. The ap- 
lication of this new theory will elucidate 
not only the historical development of a 
given flower type, but enables one to view 
also the further evolutionary tendency of 
present flower types. A practical yard- 
stick for such evolutionary determinations 
is added for further criticism and possible 
use by students of evolution (fig. 2). 
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INTRODUCTION 


Experimental crosses in Aster have 
yielded hybrids showing unusual chromo- 
some behavior (Avers, 1954). Although 
occasional hybrids were produced, crosses 
between diploids and tetraploids were gen- 
erally unsuccessful in the heterophyllous 
asters (Avers, 1953a). A number of dip- 
loid X tetraploid crosses yielded tetraploid 
hybrids, presumably due to the union of 
an unreduced egg from the diploid female 
parent with a reduced male gamete from 
the tetraploid parent. Reciprocal crosses 


l. A. cordifolius, n= 9 
2. A. turbinellus, n = 50 


in which the female parent was tetraploid 
and the male parent diploid were not suc- 
cessful. One interspecific cross did pro- 
duce three triploid hybrids. In this cross 
of A. cordifoliusQ (2n) X A. shortii 
shortu § (4n) the triploid F: hybrids 
proved to be highly fertile despite meiotic 
irregularities (Avers, 1954). No back- 
cross hybrids resulted when the triploids 
were crossed with the diploid cordtfolius 
parent but many hybrids were obtained 
upon backcrossing to tetraploid shortii. 
These backcross hybrids were 90 per cent 
pollen-fertile although there were meiotic 


Fics. 1-6. nS of PMC meiosis. 


3. F, A. cordifolius 2 X turbinellus n = 17 


4-6. F, 


Evo.ution 11: 482-486. December, 1957. 


A. cordifolius X turbinellus, 


482 


a= 17. 
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irregularities and somatic chromosome Lindl. was sent by Dr. Edgar Anderson i 
numbers which varied from 33 to 35. from St. Louis Co., Missouri, in 1950, and gy 


Most of the crosses which were attempted 
showed that there was a high degree of 
chromosome homology among the species 
of Heterophylli (Avers, 1953a, b). 

The present report concerns a wide 


the A. cordifolius L. parent was collected 
by the author in Monroe Co., Indiana, in 
1949. Reciprocal crosses were made in 
1951 and two seeds were obtained from 
approximately two hundred pollinated 


bad 


—— 


species cross in which highly fertile F, florets. The technique of hybridization ¥ 
and F, plants were obtained. The be- has been described previously (Avers, q 
havior and circumstances of this experi- 1953a), and simply involved the contact g 
mental hybridization were considered to of the heads of the parents for a period of q 
be sufficiently interesting to justify the one week, or until all the florets had ma- g 
following account. tured and been pollinated. The heads 
were bagged between pollinations to pre- s 
vent contamination. The pollen mother 
cells (PMC) were examined after stain- qi 


The two parent plants used in these 
crosses were obtained in different locali- 
ties. The specimen of A. turbinellus 


ing with acetocarmine following prelimi- 
nary fixation in chloroform-ethanol-acetic 
acid, 4:3:1. Pollen fertility was meas- 


= 


wa 7 
4 

A.cordifolius n=9 9° e 
q 


A.turbinellus n=50 


Fic. 7. Tracings of the photographs shown in 
figures 1-6. 
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8. A. cordifolius parent 


13 


Fics. 8-13. Photographs of pressed specimens of 
experimental plants. X 1/6. 


9. F, A. cordifolius 2 X turbinellus 3 


10. A. turbinellus parent 


11-13. F, A. cordifolius turbinellus. 


ured by relative stainability in cotton blue 
dissolved in lactophenol. 
The seeds obtained from the cordifolius 
2 x turbinellus J crosses were germinated 
after outdoor cold treatment of two months 
duration. The seedlings were grown in 
the greenhouse at Indiana University, as 
were all the plants involved in these ex- 
periments. 
RESULTS 


The two F, plants bloomed the first 
year and were quite vigorous. Their pol- 
len fertility was 90-95 per cent, due in 
large part to the regular disjunction of 17 
bivalents during meiosis. The chromo- 
some number of the F, hybrids is doubly 
interesting if one considers the parental 
chromosome numbers. <A cross between 
A. cordtfolius (n =9) and A. turbinellus 
(n= 50) should have yielded hybrids 
with a somatic chromosome number of 59, 
but only 34 chromosomes occurred in both 
F, plants. 

The two F, hybrids were mutually pol- 
linated in 1952 and 118 seeds were ob- 
tained from approximately 200 florets of 
one plant. The other F, plant set no seed 


at all. Fifty of these seeds were sown in 
1953 and forty-five germinated to produce 
vigorous plants. All the plants involved 
were sent to Connecticut College and were 
grown there in the greenhouse until the 
present time. Cytological analyses were 
made of thirty of the F, generation and 
revealed 2n = 34, with most of the PMC 
showing regularity of pairing and disjunc- 
tion at meiosis. Occasional microsporo- 
cytes contained 16 bivalents and 2 uni- 
valents. These univalents behaved er- 
ratically at anaphase which contributed to 
the slightly reduced fertility in those plants 
in which they occurred. 

Figures 1-6 are photomicrographs of 
representative PMC of the three genera- 
tions of plants. Figure 7 is a chromosome 
diagram of the photographs shown in 
figures 1-6. Pressed specimens of parent 
and hybrid plants are shown in figures 8— 
13. The parents are quite distinct mor- 
phologically and the F, was intermediate 
in most characteristics. The three F, 
plants shown (figs. 11-13) indicate that 
the parental types were approached as 
early as the F, generation. The varia- 
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bility was high for all measured and ob- 
served taxonomic features. 


DISCUSSION 


These results require that two main 
points be explained. First, the meiotic 


regularity in the hybrids, and second, the 
somatic chromosome number of 34 in the 
hybrids when 59 was expected. If we 
consider one possible basis for homology 
in the F, according to the following 
scheme : 


P, (n = 9) A. cordifolius 9 X A. turbinellus (n = 50) 


gametes 9A 


9A,16B 


F, (2n = 34) 
(94+9A)+(8B+8 B) = 17 bivalents 


then it seems probable that meiotic regu- 
larity was due to auto- and allo-syndetic 
pairing of the chromosomes. This scheme 
implies a complex polyploid origin of A. 
turbinellus. This polyploid species must 
have at least one genome which is homolo- 
gous with the cordifolius genome, other- 
wise univalents would have occurred dur- 
ing meiosis in the F,. The eight remain- 
ing bivalents indicate that at least one 
genome of turbinellus has been duplicated. 
This genome probably is different from 
the cordifolius set since no multivalents 
were observed. Thus it seems that 4. 
turbinellus contains a minimum of two 
distinct chromosome sets each of which 
has been duplicated once or twice. This 
is borne out further by the viability of 
turbinellus gametes which contained only 
25 chromosomes instead of the usual 50. 
Impairment of viability would have oc- 
curred if the duplicated genomes had un- 
dergone divergent evolutionary changes. 
This also may indicate a relatively recent 
origin for A. turbinellus. There is abun- 
dant evidence of an n = 9 series in asters 
(Avers, 1953a; Darlington and Wylie, 
1956) and the existence of an n = 8 series 
may be inferred from the studies of Clau- 
sen et al. (1940) on diploid and tetraploid 
A. adscendens. 

Examples of autosyndetic pairing have 
been reported in hybrids from heteroploid 
crosses in Prunus (Darlington, 1930), 
Papaver (Ljungdahl, 1924) and Crepis 
(Collins et al., 1929). In crosses of 
Papaver nudicaule (n= 7) and P. nudi- 
caule var. striatocarpum (n = 35) Ljung- 


dahl reported that the F, hybrids were 
fertile and regularly showed 21 bivalents 
at meiosis. Backcrosses of the F, (n= 
21) with P. nudicaule (n=7) resulted 
in progeny with 14 bivalents at meiosis. 
In these crosses and in those involving 
polyploids of various genera, multivalent 
formation did not occur. Chromosomal 
homology was evident only in hybrids 
with reduced chromosome numbers, as 
may be the case in asters. 

The second point involved here con- 
cerns the reduced number of chromosomes 
in the turbinellus gametes which con- 
tributed to the F,. The PMC of A. turbi- 
nellus contained 50 bivalents, but the ga- 
metes which were successful in the crosses 
with A. cordifolius must have contained 
only 25 chromosomes as indicated in the 
crossing scheme. It is possible that so- 
matic reduction occurred sometime prior 
to the development of the microspores. 
Other instances of somatic reduction have 
been reported (Menzel, 1950, 1952; 
Menzel and Brown, 1952). In the case 
of A. turbinellus it is not possible to de- 
termine the time of occurrence of somatic 
reduction. It is also likely that the re- 
duced chromosome number arose in some 
other way, but it seems fruitless to specu- 
late without additional evidence. 

One other point is brought out by these 
results. It is not always possible to guess 
the probable ancestry of a polyploid. If 
the F, hybrids of cordifolius X turbinellus 
had been found in nature it seems un- 
likely that a correct interpretation of their 
ancestry would have been made. Most 
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likely a new basic chromosome number 
for Aster would have been announced 
since 17 is a prime number. This ex- 
ample may illustrate the pitfalls inherent 
in interpretations of polyploid origins 
based merely upon chromosome counts. 


SUMMARY 


Results have been reported which 
strongly indicate a complex polyploid 
origin for Aster turbinellus (n= 50). 
Evidence was offered which suggested 
that there had been extensive duplication 
of the turbinellus genomes, one of which 
was apparently homologous with the 9- 
chromosome set of A. cordifolius. The 
expected number of 59 chromosomes did 
not occur in F, cordtfolius 9 X turbinellus 
¢. Instead the F, hybrids contained 34 
chromosomes which behaved regularly at 
meiosis. This was explained as the re- 
sult of the pairing of one A-genome of 
cordifolius with an A-genome of turbinel- 
Jus and autosyndetic pairing of two B-ge- 
nomes of turbinellus to complete the 17 


bivalents seen during meiosis. It was 


further suggested that somatic reduction 
preceded the formation of the turbinellus 
gametes involved in the hybridizations, 
which accounted for the lowered F, chro- 
mosome number. The F, generation was 
also highly fertile and contained a somatic 
chromosome number of 34. 


CHARLOTTE J. AVERS 
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CORRECTION 


Figure captions for “Rate of Development of 
Viability Mutants in Drosophila melanogaster,” 
Gert Bonnier and Ulla B. Jonsson and for “Cy 
lL. Versus Cy L-Pm Technique in Drosophila 
melanogaster” Gert Bonnier, Volume XI, Num- 
ber 3, September, 1957, are incorrect. The cap- 
tion for figure 1 of the former, page 272, is 
printed under figure 1 of the latter, page 370. 
The caption entered on page 272 is in error. 
The caption for figure 1 of the article “Cy L 
Versus Cy L-Pm Technique in Drosophila 
melanogaster” should read as follows: 


ANNOUNCEMENTS 


The Ninth International Botanical Congress 
will be held in Montreal, Canada, from August 
19 to 29, 1959, at McGill University and the 
University of Montreal. The program will in- 
clude papers and symposia related to all branches 
of pure and applied botany. A first circular 
giving information on program, accommodation, 
excursions, and other detail will be available 
early in 1958. This circular and subsequent 
circulars including application forms will be 
sent only to those who write to the Secretary- 
General asking to be placed on the Congress 
mailing list: 


Dr. C. FRANKTON 

Secretary-General 

IX International Botanical Congress 
Science Service Building 

Ottawa, Ontario, Canada 
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Fic. 1. Diagram showing the difference be- 
tween the Cy L- and the Cy L-Pm techniques. 
P, wild type males are mated singly to fe- 
males from a Cy L/Pm stock; In F, Cy L or 
Pm males are again mated singly to females 
from a Cy L/Pm stock; in F, the Cy L/+ 
females are according to the Cy L-technique 
mated to Cy L/+ males, but, according to the 
Cy L-Pm technique mated to Pm/+ males. 
The survival rates are calculated from the F; 
counts. 


The Division of Biological and Medical Sci- 
ences of the National Science Foundation an- 
nounces that the next closing date for receipt of 
research proposals in the life sciences is Janu- 
ary 15, 1958. Proposals received prior to that 
date will be reviewed at the Winter meetings of 
the Foundation’s Advisory panels and disposi- 
tion will be made approximately four months 
following the closing date. Proposals received 
after the January 15, 1958, closing date will be 
reviewed following the Spring closing date of 
May 15, 1958. 

In addition to funds for the support of basic 
research in the life sciences, limited funds will 
be available during the current fiscal year for 
the support of research facilities and programs 
at biological field stations. 

Inquiries should be addressed to National Sci- 
ence Foundation, Washington 25, D. C. 
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